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1 Compatibilization and Interfacial Modification of Polymer Blends: An Overview 
1.1 Introduction 
 
Polymers are ubiquitous. The utility of polymers is determined mainly based on their 
properties. When new requirements with enhanced or new combinations of properties 
arise, newly synthesized polymers may not fulfill the requirements. Additionally, 
conceiving and synthesizing new polymers involves exorbitant costs and therefore most 
of the plastics industry market is limited to only a few commodity polymers.1 Because of 
difficulties in commercializing new polymers and to overcome the expensive design of 
new materials, industry has turned increasingly to combining (blending) existing 
polymers to optimize the end-use properties. These materials, so called polymer blends, 
are available in a fraction of 30-40 % in the global polymer market,2,3 covering a range of 
products including disposable coffee cups, car bumpers and biomedical devices.4 These 
materials are the subject of intense scientific and commercial interest with the focus of 
achieving properties exhibited by more expensive engineering polymers. 
Blending different polymers and yet conserving their individual properties in the final 
mixture is often a fast, an extremely attractive, and inexpensive way of obtaining new 
materials with unique properties from existing ones. Blending of commodity polymers 
can readily alter their mechanical properties. For example, polyethylene (PE) is blended 
with a high-melting-temperature polymer such as polyamide and consequently a 
substantial improvement of thermal and mechanical properties including toughness, 
tensile or high-temperature creep resistance could be achieved.1 
The market of polymer blends is growing at twice the rate of industrial plastics as a 
whole. However, most of the polymer blends are thermodynamically immiscible. Due to 
their lower entropy of mixing and the unfavorable enthalpic interactions, polymer blends 
often exhibit poor mechanical properties. Therefore, a process called compatibilization is 
necessary between two immiscible polymers to obtain maximum synergetic properties. 
Any modification of a blend which increases its compatibility can be termed 
compatibilization.5  
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1.2 Miscibility and Immiscibility of Polymer Mixtures  
 
The fate of polymer blends is derived from the compatibility and or miscibility of their 
components. Most experimental studies have been carried out by casting from solution, 
though most commercial polymer blends are prepared by melt mixing by twin-screw 
extruders. The miscibility of two polymers is depending on the specific interactions 
between polymer chains. This can be explained by the factor of entropy in the following 
equation, which represents the second law of thermodynamics.  
 
    ∆Gmix = ∆Hmix  -  T ∆Smix     
 
where, ∆G = change in free energy, ∆H = change in enthalpy, ∆S = change in entropy,  
T = absolute temperature.  
For a homogeneous miscible blend the Gibbs free energy of mixing requires a negative 
value. For high molecular weight polymer blends, the gain in entropy is negligible. 
Hence, the free energy of mixing can only be negative if the heat of mixing is negative. 
This means that the mixing must be exothermic, which usually requires specific 
interactions between the blend components. These interactions may range from strongly 
ionic to weak and non-bonding, including hydrogen bonding, ion-dipole, dipole-dipole, 
and donor-acceptor interactions.  
Based on the miscibility, three types of blends can be distinguished; (i) completely 
miscible blends, (ii) partially miscible blends (iii), and fully immiscible blends. 
Completely miscible blends consist of one homogeneous phase.  This type of blend 
exhibits only one glass transition temperature (Tg), which is between the Tg s of both 
blend components with a close relation to the blend composition. Partially miscible 
blends, in which a part of one blend component is dissolved in the other, exhibits 
normally good compatibility and fine phase morphologies. However, fully immiscible 
blends exhibit a coarse phase morphology having a sharp interface and a poor adhesion 
between both blend phases. This is the reason for often observed poor properties of 
immiscible blends, which strongly depend on the size and distribution of the phases.  
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1.3 Morphology Development in Heterogeneous Polymer Blends  
 
The properties of polymer blends critically depend on their morphology. Therefore, 
understanding blend morphology development during processing and its influence on 
material properties can greatly aid the tailoring of polymer blends. Controlling  the phase 
morphology by controlling the mixing process is a key issue for the production of new 
materials with improved mechanical properties compared with the constitutive 
immiscible polymers. The shape, size and spatial distribution of the phases result from a 
complex interplay between viscosities of the phases, interfacial properties, blend 
composition, and mixing conditions.  
 
1.3.1 Matrix-Dispersed Phase Structure  
 
Heterogeneous blends appear in a variety of morphologies. However, the best known and 
most frequently observed morphologies are: a dispersion of one polymer in the matrix of 
the other polymer (matrix-dispersed phase structure), and a co-continuous morphology. 
Most commercial polymer blends exhibit matrix-dispersed particle structures. The type of 
obtained morphology is dependent on many parameters, including the nature of the blend 
components, blending conditions, the viscosity and the viscosity ratio of polymers, and 
the blend composition. The morphology of the blend on a micro-scale develops during 
processing in a very complex way. When a multiphase system subjects to a field of flow, 
phenomena like deformation, break-up, or coalescence of the dispersed phase particles 
can occur. The morphological structures such as spheres, ellipsoids, fibers and plates or 
ribbons can be produced under appropriate conditions.15 The initial mechanism of 
morphology development involves the formation of sheets or ribbons of the dispersed 
phase (Figure 1.1).16 These sheets or ribbons become unstable due to the effects of flow 
and interfacial tension. Holes develop in the ribbons, which grow in size and 
concentration until a fragile lace structure is formed. 
This structure breaks into irregularly shaped particles, which are then broken up and 
relaxing into nearly spherical particles that exist in the final morphology of the blend. 
This mechanism results in very fast formation of small dispersed phase particles.17 It is 
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widely known that the final morphology of the blend has a controlling influence on its 
properties.  
 
 
Figure 1.1 Proposed mechanisms for initial morphology development in heterogeneous 
polymer blends.16,21 
 
It is found that the major reduction of the dispersed phase particle size occurs at an initial 
stage of less than 1 or 2 min, during blending.18 For reactive blends, coupling reaction 
kinetics has been greatly considered (see Section 1.4.3.2). If the coupling reaction rate is 
much faster than the morphological development rate, the size of the dispersed phase will 
be very small and similar to the size of micro-phase separated block copolymer.19 
In general, rather little reaction is necessary during reactive blending to create substantial 
changes in morphology or physical properties. For instance, 2 % of copolymer can 
stabilize the blend morphology (Figure 1.2) and enhance interfacial adhesion.31,32 
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However, it is inevitable to have only some parts of in situ graft copolymers at the 
interface and some in the matrix phase.20 
 
  
A B
C D
C  
Figure 1.2 Schematic of morphological development for reactive blends in melt.20 (A = 
Dispersed phase, B = Matrix, C = in situ compatibilizer, D = in situ formed graft 
copolymers) 
 
1.3.2 Co-continuous Morphology 
 
Another interesting morphology in blends is co-continuous morphology, because this 
morphology type can offer superior mechanical properties than those are possible from 
dispersed-type structures.21 In co-continuous blends, both components form phases that 
partly or fully form a continuous phase which mutually interpenetrate each other and 
permeate through the whole sample.22  This, in principle, represents an infinite structure 
in which a path can be traced from one side of the material to the other without moving 
from one phase to another. Figure 1.3 presents a schematic of co-continuous 
morphological structure produced in polymer blends.  
The most common industrial method of making polymer blends is by mixing the molten 
polymers in a twin-screw extruder. As a consequence, the blends tend to have 
morphologies that are very dependent on their processing and thermal history (Figure 
1.4). Co-continuous morphologies can be induced by mechanical mixing for a wide range 
of polymer blends. A co-continuous morphology was found as an intermediate state in 
the first part of the extruder for all blends in which phase inversion occurred because the 
minor component melts first but is predicted to be the dispersed phase based on 
volumetric and rheological properties (Figure 1.4). In some cases, a co-continuous 
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morphology was also found at the end of the extruder, however, they were not stable 
under further processing conditions.21 These results clearly show for a system near the 
phase inversion point that the state observed in the final blend depends on the mixing 
conditions. 
     
Figure 1.3 Schematic of co-continuous morphological structure produced by polymer-
polymer melt blending.17 
 
 
Figure 1.4 Schematic description of the blend morphology development along the axis of 
a twin-screw extruder for a polymer pair AB, where the melting point of polymer A, Tm, 
A, is lower than that of polymer B, Tm, B.21 
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Of all possible morphologies (Figure 1.4), the co-continuous morphology shows a unique 
combination of the characteristics of both polymer components. Co-continuous structures 
are often detected using electron microscopy with a variety of image analysis techniques, 
solvent extraction, and rheological methods. An interesting feature of these morphologies 
is that both the blend components, in all directions, can fully contribute to the properties 
of the blend. For example, blends of polyethylene (PE) / polystyrene (PS) and PE / 
polypropylene (PP) with a co-continuous morphology show high isotropic tensile 
moduli.23 When changing the structure from a droplet/matrix to a co-continuous at a 
given composition it can result in a quite significant increase in modulus.  
Leibler et al.1 demonstrated co-continuous morphology for an industrially relevant system 
such as PE and PA. Stable co-continuous polymer materials structured at nanometer scale 
could be produced by reactive blending. PE/PA pair show that the as-formed blend can 
exhibit a remarkable combination of properties inaccessible by classical blends. It was 
shown even with PE as the major component it is possible to improve material 
transparency, creep and solvent resistance properties. Chuai et al.15 showed the most 
significant factors determining the onset of co-continuous structure during melt blending 
in PS/PMMA blends are blend composition and viscosity ratio. It is also found that a co-
continuous structure may not be stable and will be transformed into a dispersed phase 
structure after sufficient mixing times.24 
It is to be expected that there is a critical volume fraction for every immiscible blend 
system above which the co-continuous morphology does not break up.25 Below this 
volume fraction break up leads to a transition of the co-continuous structure to a 
dispersed one. This composition can be understood by depicting the co-continuous 
structure as an assembly of fibers randomly oriented at their maximum packing density. 
These fibers have coalesced at their cross-over points. If the length of the filament 
between two cross-over points is smaller than the dominant wave length of a sinusoidal 
disturbance, then these filaments will not break up. As such the co-continuous structure is 
inherently stable against break up within a certain composition range.25 
Veenstra et al.26 found stable co-continuous morphologies over a wide range in blends of 
styrene/(ethylene-butylene) based block copolymers (SEBS) and polypropylene (PP) 
because of the low interfacial tension and the presence of physical crosslinks.  
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Considerable attention has been made to the conditions that make co-continuous 
morphologies possible in blends during mixing. Number of articles27 have shown that co-
continuous morphologies are not only found at a single volume fraction, such as a point 
of phase inversion, but also can be obtained over a wide range of volume fractions (30
80 vol%). This range of co-continuity strongly depends on the processing conditions, 
interfacial tension and the rheological properties of the components.  
 
1.3.3 Correlations between Rheology and Blend Morphology 
 
The rheological properties of polymer blends are complex because they depend to a large 
extent on the viscoelasticity of the phases, the viscosity ratio (λ), as well as on the type of 
morphology.28 The knowledge of the viscoelastic behavior of polymer blends leads to 
optimum processing conditions and gives valuable information on the flow mechanism. 
The flow mechanism can affect both the phase morphology and ultimate mechanical 
properties. A lot of work has been done in the field of rheological characterization of 
polymer blends with particle-matrix morphology. This morphology leads to an increase 
in elasticity of the blend at low frequencies due to extra stresses.29 The origin of these 
extra forces is attributed to shape relaxation of the droplets of the dispersed phase driven 
by interfacial tension. After the relaxation of the largest particles there is no elastic 
contribution of the shape relaxation process and the material is in the flow region.29 
However, the blend which exhibits high concentration of co-continuous morphology may 
difficult to flow within the measurable frequency window.30 This can be explained by the 
network like character of the morphology which is associated with a high degree of 
interconnectivity preventing the material to flow. 
 
1.4 Strategies for Compatibilization of Polymer Blends 
1.4.1 Fundamentals 
 
Most of the reports in the literature deal with novel methods for compatibilization of 
polymer blends, mainly focused on the modification of the interface and studying the 
effect of such modifications on the phase morphology and the mechanical properties.  
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(a)  (b)  
 
 
(c)          (d)  
 
Figure 1.5 Schematic picture of the supposed conformation of some compatibilizer 
molecules such as (a) diblock, (b) triblock, (c) multigraft, (d) singlegraft copolymers at 
the interface of a heterogeneous polymer blend.8  
 
Compatibility of polymer blends can be achieved by reducing the interfacial tension or 
increasing the interfacial adhesion through the addition of interfacial active agents, for 
instance block or graft copolymers. Another way is to create in situ copolymers in the 
melt. The copolymer, either added or created in situ by the melt coupling reaction at the 
interface, is believed to play a dual role in promoting mixing of blend components. One 
is to reduce the interfacial tension by accumulating at the interface, as shown in Figure 
1.5 and consequently to promote droplet break-up when melt mixing in a shear field. The 
other one is to provide the steric hindrance between dispersed phase particles and thus 
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suppress droplet coalescence. This phenomenon is analogous to the stabilization of 
particles in oil/water emulsions by adding a surfactant. For multiphase polymer melts, 
graft or block copolymers are commonly used as a polymeric emulsifier. However, the 
prerequisite for the copolymers to be good emulsifiers is the ability to locate at the 
interface between both phases.  
The molecular architecture and molecular weight of copolymers greatly influence the 
compatibilization of immiscible blends. For instance, Eastwood et al.6 have found that 
molecular weights of the blocks of PS/PMMA must be long enough to obtain significant 
anchoring in the homopolymers. Blocks of 21000 g/mol were not sufficiently long 
enough, whereas blocks of 30000 g/mol appeared to be adequate in multiblock 
copolymer systems. They have shown that the molecular architecture, block length in 
premade multiblock copolymers such as di-, tri-, penta-, hepta-block, plays a vital role 
during interfacial modification of polymer blends. Kim et al.7 have shown that the 
molecular architecture of an in situ compatibilizer profoundly influences the morphology 
and the reduction in domain size of the dispersed phase in immiscible polyolefin and 
polystyrene blends. However, they have found that a specifically random type copolymer 
of polyethylene-ran-acrylic acid acts as an effective compatibilizer. 
 
1.4.2 Addition of Premade Copolymers 
 
The copolymers can be incorporated at the interface by two ways. One is, the 
conventionally used method, by an addition of pre-made9 block-, graft-, or random 
copolymer composed of polymer blocks, which are miscible with the blend components. 
An added block copolymer, in which one constitutive block is miscible with one blend 
component and the second block is miscible with the other blend component. These 
copolymers are expected to form a bridge-like layer by accumulating at the interface 
(Figure 1.5), thus lowering the interfacial tension that improves the dispersion of 
dispersed phase and stabilizes the morphology against coalescence. Usually, the effect of 
compatibilization on blends is studied in terms of obtaining fine and stable morphology. 
However, there are some limits to use pre-made block or graft copolymers as 
compatibilizers in polymer blends.  Most block copolymers are in the microphase 
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separated state at mixing temperatures and they have high viscosities. This makes them 
difficult to disperse near the interface. Also, added premade block copolymers reside in 
micelles rather than move to the interface between the immiscible homopolymers.10 Or 
block copolymers start to form micelles before they saturate the interface.10(c) Macosko et 
al.10(a) have shown that low molecular weight diblocks are able to get disperse quickly to 
the interface, reduce interfacial tension, and prevent dynamic coalescence. However, they 
are not entangled enough in the homopolymers to prevent them from being pushed out of 
the interface by an approaching particle at long times. On the other hand, high molecular 
weight diblocks are not effective because their critical micelle concentration is too low to 
act as an efficient emulsifier. So, even if diffusion is aided by the mixing flow field, these 
long diblocks get stuck in micelles. 10(a) Despite these demerits, the synthesis of block- or 
graft- copolymer is often very expensive.  Nevertheless, the conditions favoring good 
interfacial adhesion are often difficult to achieve in commercially processed blends. 
Therefore, this method of using a costly copolymer may be an inefficient strategy. 
 
1.4.3 Reactive Compatibilization 
1.4.3.1 Principles of Reactive Compatibilization 
 
In order to avoid these shortcomings, efforts have been turned towards an in situ 
compatibilization, in which copolymers are formed at the interface during processing.  
This strategy is commonly termed as reactive compatibilization and the processing 
method is known as reactive blending or reactive processing. Reactive blending is a very 
robust, low-cost way for material preparation, and is effective to control morphology and 
to design high performance materials including rubber-toughened plastics and 
thermoplastic elastomers. This method is more frequently used for industrial applications. 
For example, DuPonts Nylon ST is a blend of about 15 % of maleic anhydride grafted 
poly (ethylene-co-propylene) (EP) with nylon 6,6 containing some amine groups for 
reactive coupling.1 However, for reactive blending, each blend component should bare an 
appropriate functional group either at the chain end or at the side chain. The 
compatibilization is accomplished through the melt coupling reaction between the 
functional groups of blend components.  Depending on the molecular architecture of the 
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blend components, block or graft copolymers are formed at the interface, assuming that 
the coupling reaction occur between the functional groups which are located at the 
interface. However, the amount of copolymer (and the rate formation) play a vital role for 
the compatibilization of immiscible blends, thereby improving adhesion between 
polymer-polymer interfaces.11  
Another method of reactive compatibilization is based on the addition of a reactive 
polymer to the blend as a third component; because most blend components do not have 
the appropriate functional groups to react and in situ formation of copolymers. In such 
cases, functionalization of the blend components is a widely applied strategy for reactive 
compatibilization by the addition of a reactive polymer as a third component.12 The added 
third component should be miscible with one of the blend components and reactive with 
the other blend component. However, reactive polymers which fulfill the requirements 
can only be found for a limited number of polymer blends. Most of the studies related to 
this method of reactive compatibilization are based on the miscibility of the reactive 
copolymer, for example, styrene-maleic anhydride (SMA) with appropriate blend system, 
polyamide 6 / poly (methyl methacrylate).12 The miscibility of the reactive copolymer 
will be depending on the copolymer composition. 
Further possibilities for compatibilization are to use low molecular weight compounds for 
instance peroxides and coupling agents as interfacial modifiers, which can react at the 
interface causing the formation of block copolymers.13 In the presence of interfacial 
modifiers, it is also possible to obtain blends with co-continuous structure and superior 
mechanical properties.38 However, the reactive interfacial agents have specific functional 
groups and are able to generate in situ block-/graft- copolymers or crosslinked structures 
at the interface during melt mixing via the coupling reaction of functional groups 
incorporated onto the blend components. Numerous reports have been considered to 
improve the interfacial adhesion by modifying the interface. Liu et al.39  have approached 
to estimate the interfacial adhesion effects on reactivity indirectly from mechanical 
properties of reactive blends. The investigations showed that the impact strengths of 
reactively modified, rubber/thermoplastic blends were superior to those of unreactive 
counterparts. The improved interfacial adhesion was responsible for the superior 
mechanical properties. 
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However, compatibilization techniques using physical or reactive compatibilizers have 
been widely employed to control desirable morphology. The morphology of a 
compatibilized polymer blend is fine and stable for further processing. For example, 
Misra et al.14 have used reactive compatibilization method to suitably modify the 
morphology and in turn enhance the mechanical properties of polyamide 6 (PA6) / 
ethylene vinyl acetate (EVA) blend system.  
 
1.4.3.2 Effect of Kinetics of Chain Coupling in Reactive Blending on Morphology 
 
The kinetics of the interfacial reaction plays a vital role. It will decide the amount and 
structure of the in situ formed compatibilizer. A number of research reports deal with 10 
 30 % copolymer formation after reactive blending. Yet about 2 % of a typical diblock 
copolymer is enough to cover completely the interface of 1 µm sized particles.31 To 
resolve the controversies over the formation of copolymers, several reports designed the 
kinetics of chain coupling at the interface.11,31(a) Polymers with complementary functional 
groups were mixed in the molten state and the coupling kinetics was measured by gel 
permeation chromatography (GPC). Some of the suitable combinations of functional 
groups for melt coupling are shown in Figure 1.6. Macosko et al.11 found no difference in 
reaction between two aliphatic amine and they will be considered as interchangeable. 
However, a significant difference was found in aliphatic and aromatic amine reactivity 
with anhydride group. Polystyrene (PS) and poly(methyl methacrylate) (PMMA) 
containing complementary functional groups were used to determine the homogeneous 
coupling reaction rates, including acid/amine, hydroxyl/anhydride or acid, amine/epoxy, 
acid/oxazoline, acid/epoxy, aromatic amine/anhydride, aliphatic amine/anhydride. 
Amongst them, the aliphatic amine/cyclic anhydride reaction was found to be 
significantly the fastest. This very high reactivity may be responsible for the ability to 
form high levels of block copolymers during mixing.  
 
Compatibilization and Interfacial Modification of Polymer Blends: An Overview 
 
14
  
P - C - OH        
=
O
P - C - N - P'         
O
=
H
O
O
=
O
=
P'
+P OH
P O
HO
=
O
=
O
P'
P - NH2 + P' O
=
O
O N O P'
P
O
=
H OH
P - C - OH +
O
=
P'
6 O
N OP - C - N - C 6
P'
=
O
O
=
=
O
P - C - OH + O
O
=
P' O P O O P'
O
=
OH
O
=
P
=
O
=
O
O + P' - NH2
N
OH
P
=
O
=
O H
P'
H2O
P'
P
=
O
=
O
N
  H2N - P'+ H2O+ 
Carboxylic Acid Amine
1
2
Hydroxyl Cyclic Anhydride
3
Amine Epoxy
4
Carboxylic Acid Oxazoline
5
Carboxylic Acid Epoxy
6
-
Cyclic Anhydride Amine Amic Acid
 
Figure 1.6 Chemical reactions expected between various functional groups of polymers 
during blending.11(a) 
 
The coupling reaction between various common functional groups is well reported in the 
literature.32 Pagnoulle et al.33 investigated the phase morphology development of 
EPR/SAN blends in relation to the kinetics of the interfacial reaction. In case of an 
anhydride/amine reaction, the major progress of the interfacial reaction occurs in the 
initial melting and softening step of blending. The interfacial reaction is delayed when a 
less reactive carbamate substitutes for amine. Then the phase coalescence has a decisive 
effect on the morphology of the blend. Another comparison has been reported by 
Charoensirisomboon et al.34 for the interfacial reaction of the immiscible 
polysulfone/polyamide (PSU/PA), end-capped by aliphatic anhydride/amine, phthalic 
anhydride/amine, and epoxy/amine groups, respectively. Phase morphology and 
mechanical properties strongly depend on the mutual reactivity of the chain end groups. It 
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was investigated that the PSU-phthalic anhydride/PA-amine blends showed a very fine 
phase morphology and remarkably higher toughness.  
In one investigation,40 significant improvements in interfacial adhesion were achieved at 
polystyrene and poly (2-vinyl pyridine) interfaces. The improvements in interfacial 
properties are most significant in systems of relatively high reactivity. In blends, high 
reactivities generally also lead to large reductions in dispersed particle size. 
Moreover, it is known that the formation of the copolymer at the interface is kinetically 
controlled. The relative kinetics of the phenomena has a decisive effect on the 
development of the phase morphology, i.e., the interfacial reaction rate and the rate at 
which the interface is renewed. This kinetic balance plays a key role in the production of 
block or graft copolymer by melt coupling reaction. 
 
1.4.3.3 Interfacial Modification in Polymer Blends 
 
The poor segmental interpenetration of blend components results in weak interfacial 
adhesion between the two polymer phases.35 This can be improved by the addition or 
generation of a diblock copolymer at the interface between immiscible homopolymers for 
instance PS and PMMA resulted in a broadening of the interfacial width.36 The interfacial 
width in PS/PMMA blends increases up to a point the interface is saturated with the 
copolymer. At higher copolymer concentrations either micelle are formed at the interface 
or the interface exhibits marked curvature.36 There are several methods reported to 
facilitate a more quantitative picture of the interfacial behavior of block copolymers in 
the blends, including forward recoil spectrometry, dynamic secondary ion mass 
spectroscopy, neutron reflectivity, electron microscopy, and Raman confocal 
microscopy.37 
Several researchers41 have reported that grafting polyhedral oligomeric silsesquioxane 
(POSS) onto polymers also increases the mechanical strength, thereby improving the 
overall properties of the materials. For instance, Zhang et al.41(a) studied a model system 
consisting of PS/PMMA immiscible blends. They have shown that random copolymers of 
POSS groups can be very efficient at compatibilizing immiscible polymer blends. This is 
likely due to the increased site functionality provided by the POSS molecule without the 
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entropic penalty associated with functionalities grafted directly onto the polymer chains. 
Compatibilization occurs only if the POSS is grafted onto the backbone of the one of the 
polymers. This compatibilization is found to result in: reduced domain size, increased 
interfacial width, and greatly improved fracture toughness between immiscible polymers. 
This strategy can be applied to other blend systems where POSS molecules can be 
modified with functional groups, which interact favorably with one of the blend 
components.  
 
1.4.3.4 Stability of modified Interphases 
 
Thermodynamically, the in situ formed copolymers are required to locate at the interface 
between two phases to act as efficient compatibilizer, thus, lowering the interfacial 
tension and stabilizing the morphology against coalescence. However, some of the recent 
investigations of reactive compatibilization of the blends showed the in-situ formed 
copolymers may be easily pulled out of the interfacial region.42 The in situ formed block 
or graft copolymers are initially dispersed in one phase of the blend, and they migrate to 
the interface only if thermodynamics and kinetics allow it.43 For example, in the reactive 
blending of PS and PMMA led to large dispersed (PMMA) phases surrounded by clouds 
of micelles. The micelles can only be formed if the block copolymer leaves the interface, 
which clearly depends on the molecular weight of the constitutive components.44 
Charoensirisomboon et al.45 proposed a tube model for pull-out mechanism. The tube 
model explains a difference in stability between the in situ formed block and graft 
copolymers, under shear conditions. Block copolymer consists of linear chains, whereas, 
graft copolymer consists of branched chains with Y-shape. The graft copolymer will be 
subjected to bigger spatial constraints by the pull-out than the block copolymer. 
Therefore, the later could be hardly pulled out under external forces.42(a) It would also 
depend on the amount of copolymer chains accumulated at the interface. In contrast, one 
investigation was showed the pull-out and micelle formation of copolymer even in rather 
symmetric in situ graft copolymer forming system in which the copolymer is expected to 
be stable thermodynamically at the interface.42(d) 
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In theory, the interfacial free energy can be reduced by adding or generating block 
copolymers at the interface. If the amount of block copolymer chains is too much, the 
chains should be forced to be elongated perpendicular to the interface. It results an 
entropic penalty to increase the interfacial free energy. However, the excess of 
accumulation of block copolymer chains between the phases may destabilize the 
interface. Therefore, the copolymer chains could be easily pulled out by external forces. 
When the amount of block copolymer is less, they are more stable and play a significant 
role of emulsifier and prevent the particle coalescence, following the break-up 
mechanism of the dispersed particle size reduction process. This occurs only in the slow 
coupling reaction systems or the systems contains a low amount of functional groups. 
However, when the reactive chains are of low molecular weight and cannot contribute to 
stable chain entanglements, the copolymer may escapes from the interface where it is 
formed as rapidly as the functional groups are mutually reactive.42(b) The chemical 
reaction at the interface is the rate determining step. If this reaction is intrinsically slow, 
the phase morphology is not stabilized.  An increase in the chain length of the precursors 
impedes the copolymer of higher molecular weight from leaving the interface because of 
chain entanglements. Although the interface is better stabilized, the non-yet reacted 
chains cannot interact further which blocks the progress of the interfacial reaction even 
though the functional groups are highly reactive. 42(b) 
Moreover, the pull-out mechanism mainly depends on the kinetics of the interfacial 
reaction, which controls the density of the copolymer formed at the interface at the 
constant mixing time. It also depends on the thermodynamic and hydrodynamic 
instability caused by the amount of accumulated block or graft copolymers at the 
interface.46 
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2 AIM 
 
This work has been carried out within the DFG, Deutsche Forschungsgemeinschaft, 
Collaborative Research Centre 287 Reactive polymers in non-homogeneous systems, in 
melts and at interfaces Project A11 Modification of interphases in heterogeneous 
blends by multifunctional coupling agents. 
The objective of the work was the creation and modification of reactive interphases in 
immiscible polymer blends by  
 
- introducing reactive sites at the interface by means of multifunctional 
coupling agents;  
- modification of the interphases, for instance, by crosslinking; 
- evaluation on the influence of the coupling agents on the morphology and 
properties of polymer blends.  
 
The work has been divided into three parts to meet the final aim of the project: (1) 
synthesis of multifunctional hydrosiloxane-containing coupling agents (SCA) containing 
2-oxazoline, oxazinone, and hydrosilane (Si-H) groups; (2) synthesis of end group 
functionalized polymers, which can react with SCA; (3) preparation of blends with SCA 
located at the interface and  the modification of the interphases.  
Figure 2.1 shows a schematic representation of the concept of the work for a selective 
coupling reaction between SCA and blend components and formation of the crosslinked 
interphases in the melt. The choice of reactive coupling agents heavily relies on design 
principles available in previous studies.47 First, the coupling agent should distribute at the 
interface due to selective reaction with both the blend components. Second, the coupling 
reaction between coupling agent and polymer end-groups has to be fast.  
Investigations of the selective coupling reactions with the unmodified coupling agents 
have already been published.47 A strategy for functionalization of coupling agents to 
poly(methyl hydro)siloxane copolymers had to be developed in the first step of the work. 
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The model blend system containing amine terminated polyamide 12 (PA-NH2) and 
carboxylic acid functionalized polystyrene (PS-COOH) was chosen to prove the 
efficiency of novel coupling agents. 
 
Crosslinking of SiH at the interphases
Preparation of  blends by
reactive polymers
Introducing reactive SiH sites by
multifunctional coupling agents
Dispersed 
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Figure 2.1 Formation of crosslinked interphases in heterogeneous polymer blends. 
 
The synthesis of carboxylic acid terminated polystyrene has already been developed in 
our group and PA-NH2 is available commercially. Later on, however, the concept has 
been extended to amino terminated poly (methyl methacrylate) (H2N-PMMA) and PS-
COOH blend system since both polymers are amorphous and have similar solubility 
properties and common organic solvents like tetrahydrofuran (THF) facilitating the 
characteristics of the reaction at the interphases. In addition, it is a suitable model systems 
for studying chemical changes in polymer blends. However, the synthetic method for 
amino terminated poly (methyl methacrylate) had to be developed. Atom transfer radical 
polymerization (ATRP), one of the leading controlled/living radical polymerization 
methods, has been chosen in order to obtain polymers with high degree of functionality 
and predetermined molecular weights. Furthermore, the devoid of halogen atoms from 
the polymers prepared by ATRP was of concern because of detrimental effects of 
terminal bromines during processing of polymers. This problem should be overcome by 
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selecting the right catalyst system which results in halogen-free polymers in a single-step 
reaction. 
In particular, the thesis was emphasized on the evaluation of the influence of modified 
poly(methylhydro)siloxane coupling agents (SCA) on the blend morphology, the 
determination of the location of SCA, and the accessibility of SCA to further 
modification reactions, especially towards producing of crosslinked interphases. 
Furthermore, it was also an important task to investigate blend properties, e.g. 
rheological,  thermal, and mechanical properties. 
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3 Functionalization of Poly(methylhydro)siloxanes with Novel Coupling Agents 
 
3.1 Introduction 
 
Poly(methylhydro)siloxanes, functionalized with organic groups find specific uses as 
elastomers, caulks, adhesives, sealing agents, and releasing agents.48 The addition of Si-H 
groups to carbon-carbon double bonds, the hydrosilylation, offers a useful method of 
preparing such materials. This method is the most widely used for preparing organofunctional 
polydimethylsiloxanes (PDMS) starting from poly(methylhydro)siloxanes.49 The synthesis of 
hybrid materials of such a kind is usually performed directly by adding unsaturated, for 
instance allyloxy group containing, derivatives of bulky molecules to siloxane polymers. By 
this method, it is possible to introduce hydrophilicity, chirality, and active side-chain 
organofunctional groups to the polysiloxane.49   
Hydrosilylation is the most widely used method to synthesize polysiloxane coupling agents 
containing organofunctional groups in the side chain. Functional groups in side chains 
preferably undergo further reactions, for example coupling reactions with appropriate 
functionalities of polymers. The majority of functionalized polysiloxanes was designed to 
undergo thermally induced crosslinking and to cure by hydrolytic processes or 
photochemically induced polymerization.50  
Among various metal complexes such as rhodium and palladium, platinum complexes 
catalyze the hydrosilylation reaction enormously.51,52 They are mostly based on 
hexachloroplatinic acid, H2PtCl6, the so called Speiers catalyst.53 Today, even more efficient 
catalysts are available. One of them is Karstedts catalyst, platinum(0)-
divinyltetramethyldisiloxane.  
 
3.2 Mechanism 
 
The most accepted mechanism of the Pt catalyzed hydrosilylation reaction is the colloid based 
one proposed by Lewis.54 Based on this mechanism, the hydrosilylation by highly active 
catalysts involves the formation of colloid platinum as the key step. The well-known 
induction period54(b) and formation of the characteristic yellow color were directly linked to 
the formation of the colloid. The Lewis proposed mechanism is shown in Scheme 3.1. During 
the induction period Karstedts platinum catalyst reacts with R3SiH to give H2, hydrosilylated 
ligand, and the platinum colloid 1. After the induction period, the platinum-oxygen complex 
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can coordinate a silane 2 by attacking the olefin as a nucleophile. The newly formed complex 
has an electrophilic character. Oxygen acts as a true co-catalyst and activates the metal 
complex by withdrawing electrons. The olefin can now attack the transition complex 
nucleophilically, and the new organosilane is formed. This cyclic process continues until the 
olefin molecules are consumed.  
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Pt ° Si O Si
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Scheme 3.1 Mechanism of the Pt-catalyzed hydrosilylation reaction of olefins according to 
Lewis54 
 
The value of this hydrosilylation has been further augmented by several reports for converting 
the silyl group to other functional groups.55 However, the synthesis of functional siloxanes by 
hydrosilylation of allyl derivatives is of current interest for various applications.56 Marciniec 
and cowokers49 have used platinum (Pt(PPh3)2(CH2=CH2), H2PtCl6, PtCl2(PPh3)2) and 
ruthenium (Ru3(CO)12) complexes for functionalization of poly(methylhydro)siloxanes with 
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allyl derivatives, including poly(methylhydro)siloxanes with allyl glycidyl ether, allyl phenyl 
ether, allyl amine, allyl chloride, and allyl methacrylate in the side chain. Conqueret et al.52 
have investigated the kinetics of the Pt-catalyzed hydrosilylation of some allyl aryl ethers by 
Si-H end groups of a monofunctional telechelic poly(dimethylsiloxane).  
 
3.3 Objective 
 
The objective of the present work is the chemical functionalization of 
poly(methylhydro)siloxane chains via hydrosilylation with various novel coupling agents 
(structures 1, 2, 3 in Scheme 3.2).47,57 These coupling agents contain one 2-oxazoline group, 
and/or one 2-oxazinone group, and one allyl ether group. The aim was not to yield a complete 
conversion of Si-H groups. About one to two Si-H groups per chain should be selectively 
functionalized with the coupling agents so that the remaining Si-H units can be used for 
further modification after incorporating in the blend system. The functional groups introduced 
in side chains should undergo further reactions such as coupling reactions with reactive blend 
components. It is shown by means of model reactions that the organic functional groups of the 
coupling agents react with complementary functional groups in a highly selective manner. The 
remaining Si-H groups are designed to undergo thermally induced crosslinking and/or 
crosslinking by hydrolysis and condensation reactions.  
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Scheme 3.2 Structures of novel coupling agents 
 
Böhme et al.47 reported about the selective coupling reactions of 2-oxazinone and 2-oxazoline 
groups of coupling agents with primary aliphatic amines and carboxylic acids in melt. The 2-
oxazinone coupling reaction with n-dodecylamine occurred significantly at lower 
temperatures (150°C) than the reaction between oxazoline and carboxylic acids (above 
170°C). This offers the control of the coupling reaction by step-wise conversion at different 
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temperatures. The chemical structure of the coupling products is shown in the reaction 
Scheme 3.3. The selective coupling reaction was also proven with polymer mixtures of amine 
terminated polyether and poly(ethylene-co-acrylic acid) in 50/50 w/w blend system.47 
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Scheme 3.3 Model coupling reactions of bi-functional coupling agent.47(a) 
 
Allyl ether groups of the coupling agents (Scheme 3.2) should undergo hydrosilylation 
reaction by Si-H groups of poly(methylhydro)siloxanes under favorable reaction conditions as 
shown below. 
Pt catalyst
R' =  aromatic coupling agentR = alkyl
O R'+ R3Si-CH2-CH2-CH2-O-R'R3Si-H
 
 
3.4 Experimental Part 
 
Materials. The following reagents are used as received from Gelest ABCR: 
Methylhydrosiloxane-dimethylsiloxane copolymer having the molecular weight of 1900-2000 
g/mol and 25-30 mol% of MeHSiO (HMS-301); polymethylhydrosiloxane having the 
molecular weight of 1500-1900 g/mol and 100 mol% MeHSiO (HMS-991); platinum-
divinyltetramethyldisiloxane complex in xylene (2.1-2.4 % platinum concentration used as a 
catalyst for hydrosilylation reaction). Toluene over molecular sieve (Fluka) was used as 
received. The coupling agents (CA1, CA2, and CA3 in Scheme 3.2) were prepared according 
to the literature.47,57   
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Measurements. 500.13 MHz 1H NMR spectra were recorded on a DRX 500 NMR 
spectrometer (Bruker). C6D6 (δ (1H) = 7.16 ppm) or trifluoroacetic acid-d1 (TFA-d1) were 
used as solvent. The 1H NMR spectra in TFA-d1 were referenced on sodium 3-(trimethylsilyl) 
propionate-2,2,3,3-d4 (δ (1H) = 0 ppm). For comparative studies the coupling agents CA1  
CA3 were measured in TFA- d1.  
IR spectra were recorded with a BIO-RAD FTS 155 spectrometer using KBr pellets. Soluble 
compounds were measured as thin film (from THF) on a KBr disc. Differential scanning 
calorimetric (DSC) analysis was carried out with a DSC 7 (Perkin Elmer), Pyris-software 
version 4.01, under nitrogen atmosphere at a scan rate of ± 20 K/min. All samples were 
measured in a heating-cooling-heating cycle. The heat flow of the second heating was used for 
the analysis.  
 
3.4.1 Synthesis of Coupling Agents 
 
2-(4-Allyloxy-phenyl)-benzo[d][1,3]oxazin-4-one (CA1) 
According to the literature47 CA1 was synthesized by conversion of 4-
allyloxybenzoylchloride with 2-aminobenzoic acid in the presence of triethylamine. The final 
cyclization to the 2-oxazinone ring was performed in acetic anhydride under reflux for 3 h. 
After cooling and adding of acetic acid the precipitated product was filtered off and washed 
with acetic acid and water. 
O
N
O
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1
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4
5 6
7
8
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12  
mp: 116 °C (n-hexane/toluene 1/1). 
1H NMR (TFA-d1) : δ = 8.35 (d, 1H, H9), 8.35 (d, 2H, H2,6), 8.07 (d, 1H, H7), 7.84 (d, 1H, 
H12), 7,79 (d, 1H, H8), 7.24 (d, 2H, H3,5), 6.01 (m, 1H, CH=), 5.41 (d, 1H, CH2=), 5.35 (d, 1H, 
CH2=), 4.75 ppm (d, 2H, CH2OAr).  
IR (KBr) : 3077 (C=C), 1760 cm-1 (C=O). 
 
2-(4-Allyloxy-phenyl)-4,5-dihydro-oxazol (CA2) 
According to the literature57 CA2 was prepared from 2-(4-hydroxy-phenyl)-4,5-dihydro-
oxazol and allyl bromide under the conditions of phase transfer catalysis using aqueous 
sodium hydroxide, chloroform, and tetrabutylammonium chloride. 
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mp: 60-62 °C (n-hexane). 
1H NMR (TFA-d1) : δ = 7.99 (d, 2H, H2,6), 7.13 (d, 2H, H3,5), 5.99 (m, 1H, CH=), 5.39 (d, 1H, 
CH2=), 5.32 (d, 1H, CH2=), 5.17 (t, 2H, CH2O), 4.69 (d, 2H, CH2OAr), 4.30 ppm (t, 2H, 
CH2N). 
IR (KBr) : 3077 (C=C),  1649 cm-1 (C=O). 
 
(2-(4-Allyloxy-phenyl)-7-(4,5-dihydro-oxazol-2-yl)-benzo[d][1,3]oxazin-4-one (CA3) 
According to the literature47 CA3 was synthesized by conversion of 4-
allyloxybenzoylchloride with 2-aminoterephthalic acid in the presence of triethylamine. The 
cyclization to the oxazinone ring was performed in thionyl chloride under reflux. The 
subsequent conversion of the formed acid chloride with 2-aminoethanol resulted in the 
corresponding 2-hydroxyethylamide, which was cyclized to the oxazoline with thionyl 
chloride in tetrahydrofuran at 0°C. After treatment with aqueous sodium bicarbonate the final 
product was washed with water. 
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mp: 178 °C (ethanol) 
1H NMR (TFA-d1) : δ = 8.58 (s, 1H, H12), 8.57 (d, 1H, H9), 8.39 (d, 2H, H2,6), 8.35 (d, 1H, 
H8), 7.25 (d, 2H, H3,5), 6.02 (m, 1H, CH=), 5.42 (d, 1H, CH2=), 5.41 (t, 2H, CH2O), 5.36 (d, 
1H, CH2=), 4.77 (d, 2H, CH2OAr), 4.55 ppm (t, 2H, CH2N). 
IR (KBr) : 3077 (C=C), 1760 (C=O), 1649 cm-1 (C=O). 
 
3.4.2 Hydrosilylation Products 
General procedure 
 
4.8 g HMS-301 or 7.86 g HMS-991 and 5 to 27 mol% of coupling agent (CA1  CA3) with 
respect to Si-H group concentration were added to a dry three-neck round bottom flask 
equipped with a magnetic stirrer and a reflux condenser with a CaCl2 drying pipe. Toluene 
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(400 mL for SCA3 and SCA4, 50 mL for SCA1 and SCA2) and a catalytic amount of 
platinum-divinyltetramethyldisiloxane complex (100 µL for SCA3 and SCA4, 75 µL for 
SCA1 and SCA2) were added. Dry air was purged through the reaction mixture for a couple 
of minutes. The reaction was allowed to proceed for 6 h at 120°C. Toluene was removed by 
vacuum rotary evaporation and the product was stored at lower temperatures.  
In case of hydrosilylation of the polymethylhydrosiloxane 45 % of the product (SCA4) was 
crosslinked during synthesis. The solubility test was done in toluene at room temperature for 
24 h. 
The specific conditions were: 
SCA1 
4.8 g HMS-301 (3.47 mmol) + 0.97 g CA1 (2.46 mmol) 
1H NMR (TFA-d1): δ = 8.35  7.05 (ArH), 5.03, 4.79, 4,74 (SiH), 4.21 (CH2OAr), 2.01 (CH2 
CH2Si), 0.55  0.10 ppm (CH2Si, CH3Si).  
IR (thin film): 2158 (Si-H), 1764 cm-1 (C=O) 
SCA2 
4.8 g HMS-301 (3.45 mmol) + 0.7 g CA2 (2.46 mmol) 
1H NMR (TFA-d1): δ = 7.99 - 7.10 (ArH), 5.16 (CH2O oxazoline), 5.03, 4.79, 4,74 (SiH), 
4.30 (CH2N), 4.11 (CH2OAr), 1.96 (CH2 CH2Si), 0.55  0.10 ppm (CH2Si, CH3Si).   
IR (thin film) : 2157 (Si-H), 1650 cm-1 (C=O) 
SCA3 
4.8 g HMS-301 (4.62 mmol) + 1.6 g CA3 (2.46 mmol) 
1H NMR (TFA-d1): δ = 8.57  7.23 (ArH), 5.40 (CH2O oxazoline), 5.03, 4.79, 4,74 (SiH), 
4.55 (CH2N), 4.21 (CH2OAr), ), 2.01 (CH2 CH2Si), 0.55  0.10 ppm (CH2Si, CH3Si).  
IR (thin film) : 2157 (Si-H), 1762 (C=O), 1650 cm-1 (C=O) 
SCA4   
7.86 g HMS-991 (4.62 mmol) + 1.6 g CA3 (4.62 mmol) 
1H NMR (TFA-d1): δ = 8.57  7.23 (ArH), 5.40 (CH2O oxazoline), 5.03, 4.79, 4,74 (SiH), 
4.55 (CH2N), 4.21 (CH2OAr), ), 2.01 (CH2 CH2Si), 0.55  0.10 ppm (CH2Si, CH3Si).   
IR (thin film from the soluble part): 2157 (Si-H), 1760 (C=O), 1650 cm-1 (C=O) 
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Model Reactions 
Model reactions of SCA3 with the appropriate nucleophilic reagent in stoichiometric ratio 
were performed in closed glass vials under melt conditions at 200°C for 10 min. 
 
3.5 Results and Discussion 
 
Two model poly(methylhydro)siloxanes (PMHS) were used for the reaction of various allyl 
ether containing coupling agents (from CA1 to CA3) in order to synthesize polysiloxane 
coupling agents (SCA) containing organofunctional groups in the side chain. One has a lower 
Si-H content (25-30 mol%, HMS-301, M = 1900-2000 g/mol) and the second one has a 100 
mol% Si-H (HMS-991, M = 1500-1900 g/mol) functionality in the polysiloxane chain. This 
may allow studying the effect of Si-H content on the crosslinking ability of polysiloxane 
coupling agents (SCA).  The functionalization of poly(methylhydro)siloxanes is shown in 
Scheme 3.4. All of the coupling agents were used for the first time for modification of the 
poly(methylhydro)siloxanes. 
  
(CH3)3SiO Si O Si O Si(CH3)3
Pt, 120 °C, Toluene
CA1 or CA2 or CA3 
(CH3)3SiO Si O Si O Si O Si(CH3)3
Pt, 120 °C, Toluene
m n m p q
SCA1: R = CA1
SCA2: R = CA2
SCA3: R = CA3 
25-30 %
CA3
M = 1900 - 2000 g/mol
M = 1500 - 1900 g/mol SCA4: R = CA3
partially crosslinked during work up
qp
(CH3)3SiO Si O Si(CH3)3
n
(CH3)3SiO Si O Si O Si(CH3)3
CH3
CH3
CH3
CH3
CH3 CH3 CH3
CH3 CH3 CH3
H R
H H
H
R
100 %
 
Scheme 3.4 Synthesis of SCA by hydrosilylation of novel coupling agents with PMHS  
 
The polysiloxane coupling agent SCA4 was partially crosslinked during isolation of the 
product.  About 45 % of the product was insoluble in toluene at room temperature after 24 h. 
The other coupling agents (SCA1  SCA3) are easily soluble at room temperature after 
isolation of the products. It is interesting to emphasize that the products are not stable at room 
temperature (RT) as a function of time. They were partially crosslinked when stored at RT for 
about 3 months. This might be due to the reactivity of the remaining active Si-H groups 
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caused by the presence of small traces of the platinum catalyst remaining in the product. 
However, at lower temperatures (below 10°C) SCA are quite stable even for longer periods.   
 
(ppm)
12345678
a) 
c) 
b) 
Si-H 
overlapped oxazoline 
signals with -CH2O-Ar
Si-H 
-CH2O-Ar 
overlapped oxazoline 
signals with -CH2O-Ar
Si-H 
 
 
Figure 3.1 1H NMR spectra of polysiloxane coupling agents in C6D6: a) SCA1 b) SCA2 c) 
SCA3. 
  
The hydrosilylated products were mainly characterized by 1H NMR measurements. Figures 
3.1 and 3.2 show the 1H NMR spectra of the modified polysiloxane with coupling agents CA1 
(a), CA2 (b), and CA3 (c) in C6D6 and TFA-d1, respectively. All spectra of isolated products 
reveal that the coupling agents were undergone hydrosilylation reaction and grafted as side 
chain on polysiloxane. Representative signals of the allyl ether groups of the coupling agents 
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completely disappeared and new signals respective to the silylpropyl groups were noticed. 
The signal corresponding to the Si-H group is still present, indicating that all products contain 
remaining Si-H groups, which may allow further modification of the products.  
 
(ppm)
12345678
a) 
b) 
c) 
Si-H 
-OCH2 -NCH2
-CH2O-Ar 
-OCH2
Si-H 
-NCH2
-CH2O-Ar 
-CH2O-Ar 
Si-H 
 
 
Figure 3.2 1H NMR spectra of polysiloxane coupling agents in TFA-d1: a) SCA1 b) SCA2 c) 
SCA3. 
 
The content of remaining Si-H groups of SCA evaluated from the NMR spectra is shown in 
Table 3.1. The starting ratio of Si-H and CA was chosen that about one to two CA molecules 
will be grafted per siloxane chain. The determined amount of remaining Si-H groups by 1H-
NMR in TFA-d1 nearly agrees for SCA2 and SCA3 with the calculated values. The less 
content of the remaining Si-H groups in SCA1 could be explained by a side reaction between 
Si-H and 2-oxazinone groups. The 1H-NMR spectrum of SCA1 in Figure 3.2 a shows many 
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additional small peaks in the aromatic region. This can be explained by a partial reduction of 
the aromatic substituted 2-oxazinone groups by Si-H units in the presence of active platinum 
catalyst. It is important to note, that the data given in Table 3.1 had to be calculated from the 
PMHS characteristics given from the source. For this we used the averaged values and 
calculated Si-H content per chain of 7 and 19.5 for HMS-301 and HMS-991, respectively. 
SCA1 to SCA3 are the modified HMS-301 products with the respective coupling agents CA1 
to CA3 and SCA4 is the modified HMS-991 with CA3 (Scheme 3.4). 
 
Table 3.1 Characteristics of SCA products 
 
Product Starting 
ratio of 
CA/ 
Si-H 
(%) 
CA per 
chain 
(theoretical)a 
Si-H groups 
per chain 
(theoretical)a
Si-H/SiCH3 
proton ratio 
(theoretical)a
Si-H/SiCH3 
proton ratio 
(experimental)b
Si-H groups 
per chain 
(experimental)c 
HMS-
301 
- - 7.0 1 : 21 1 : 16 9.4 
HMS-
991 
- - 19.5 1 : 3.9 1 : 3.4 22 
SCA1 0.20 1.4 5.6 1 : 26 1 : 44 3.4 
SCA2 0.20 1.4 5.6 1 : 26 1 : 26 5.8 
SCA3 0.27 1.9 5.1 1 : 29 1 : 28 5.4 
SCA4 0.05 1.0 18.5 1 : 4.1 1 : 4.0 19 
a calculated according to the given characteristics of HMS-301, and HMS.991 by the source 
and assuming complete conversion. 
b determined by 1H NMR in TFA-d1 from the proton signal intensity ratios of Si-H (4.73 to 
5.03 ppm)/SiCH3 (0.1 to 0.55 ppm).  
c calculated from experimental proton intensity ratios of Si-H/SiCH3 and according to the 
molecular weights provided by the source. 
 
Small side peaks in the aromatic region at 7.32 ppm (Figure 3.2 b and c) indicate also side 
reactions of the Si-H groups with the oxazoline and/or oxazinone groups in SCA2 and SCA3, 
but to a low extent. Table 3.2 shows clearly the involving of oxazoline and oxazinone groups 
in side reactions with Si-H units of SCA. The determined values for the ratio of H (Aryl, 7.05 
to 8.57 ppm) / H (OCH2 oxazoline, 5.16 to 5.40 ppm or CH2OAr, 4.21 ppm) are higher than 
the theoretical ones especially for SCA1. The nature of the side reactions is still unclear, and a 
quantification not possible. 
 
Table 3.2 Ratio of aromatic protons to aliphatic protons in SCA products 
 
 aliphatic unit  theoretical experimental by 1H NMR, 
in TFA-d1 
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SCA1 
 
CH2OAr 8 : 2  14 : 2   
SCA2 
 
OCH2  
oxazoline 
4 : 2 5.4 : 2 
SCA3 
 
OCH2  
oxazoline 
7 : 2 6.4 : 2 
 
The aromatic substituted 2-oxazoline groups in SCA2 and SCA3 seem to be more stable 
against activated Si-H with respect to the oxazinone group in SCA1. In contrast to aromatic 
substituted 2-oxazoline groups, H. Malz58 reported in his dissertation that the aliphatic 
substituted 2-oxazoline groups are completely reduced under hydrosilylation conditions using 
Karstedts catalyst at 80°C. Even the less reactive Speier's catalyst caused a partial reduction 
of the oxazoline ring parallel to the formation of hydrosilylated product with the closed 
oxazoline ring structure.  
The NMR spectra of SCA3 in C6D6 and TFA-d1 are shown in Figure 3.3 (region 3.6  5.5 
ppm). The splitting of oxazoline signals at 5.40 and 4.55 ppm more clearly appears in TFA-d1 
than in C6D6 where both the oxazoline and CH2OAr signals are overlapped in the region from 
3.5 to 3.8 ppm. This splitting and shifting of the signals might be caused by either the chain 
scission through acidolysis or N-protonation in TFA as shown below. 
 
N
O H+
N
O
H
+
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(ppm)
3.64.04.44.85.2a) 
b) 
Si-H 
Si-H 
-OCH2 -NCH2
-CH2O-Ar 
-OCH2, -NCH2, -CH2O-Ar 
 
 
Figure 3.3 1H NMR spectra of SCA3 in C6D6 (a), and in TFA-d1 (b). 
 
In TFA-d1 the signals at 5.40 ppm (CH2O) and 4.55 ppm (CH2N) represent the oxazoline 
group in the N-protonated form and the signals at 5.03 ppm, 4.79 ppm, and 4.74 ppm 
represent the different substituted Si-H groups which may be caused by chain scission of Si-
O-Si bonds by TFA. The signal at 4.21 ppm corresponds to the CH2OAr protons. In the FT-IR 
spectra of the hydrosilylated products the characteristic bands for the 2-oxazoline, 2-
oxazinone, and Si-H groups are clearly visible (see experimental part). 
Generally, the proton signals of NMR spectra are more distinct in TFA-d1 than in C6D6. This 
can be explained by chain scission of the Si-O-Si backbone caused by TFA resulting in 
shorter units and Si-H groups with different substitutions. It is known that trifluoroacetic acid 
(as a strong acid) attacks silicon and cleaves the network structures and also opens the cyclic 
structures of siloxanes.59 TFA leads to the following equilibria through acidolysis-
heterocondensation and hydrolysis processes.60  
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(CH3)3SiOH + H2O + (CH3)3SiOSi(CH3)3
CF3COOH + (CH3)3SiOSi(CH3)3 + (CH3)3SiOH
H2O+ (CH3)3SiOH CF3COOH
(CH3)3SiOH
+
(CH3)3SiOCCF3
O
(CH3)3SiOCCF3
O  
 
In general, protonic acids are the effective catalysts for the cationic polymerization of cyclic 
siloxanes that is an important route to prepare siloxane polymers.60  
In order to get deeper insight of the solvent effect the pure poly(methylhydro)siloxane 
copolymer (HMS-301) was measured in both solvents used for SCA (Figure 3.4, spectral 
region from 0  6 ppm). Many small peaks in the peak region of 0.1 to 0.55 ppm are visible in 
TFA-d1  which correspond to silylmethyl groups compare to the 1H NMR spectrum in C6D6 
(0.1 to 0.45 ppm). The corresponding Si-H group appears as a single peak at 5.1 ppm in C6D6, 
whereas in TFA-d1 it appears as two main characteristic signals with different intensity at 5.03 
and 4.73 ppm and a small signal at 4.79 ppm, a proof for degradation reactions with TFA.  
 
(ppm)
1.02.03.04.05.0
Si-H 
Si-H 
Si-CH3
Si-CH3
a) 
b) 
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Figure 3.4 1H NMR spectra of HMS-301 in C6D6 (a), and in TFA-d1 (b). 
 
3.5.1 DSC Measurements 
 
The DSC curves of the HMS-301 + Pt and modified coupling agents SCA1 to SCA4 are 
shown in Figure 3.5 and 3.6, respectively. HMS-301 did not show an exothermic peak in DSC 
measurements (not shown in the figure), whereas with platinum catalyst it has shown an 
exothermic peak in the heating run, indicating crosslinking reaction in the presence of active 
catalyst (Figure 3.5). No crosslinking is visible in the second heating. The crosslinking seems 
to have occurred completely during the first heating and cooling run. SCA2  SCA4 show an 
exothermic behavior during heating run, indicating the crosslinking reaction takes place 
(Figure 3.6). The crosslinking reaction of SCA2 and SCA4 starts at temperatures of about 
120°C.  
In contrast, the crosslinking reaction of SCA3 can be observed only about 150°C. The higher 
activation necessary for crosslinking is probably caused by a steric hindrance. It has to be 
noted that not only crosslinking reactions between Si-H groups can take place at higher 
temperatures, but also we assume that the oxazoline and/or 2-oxazinone groups may also be 
involved in the crosslinking. Contrary, SCA1 did not show a significant exothermic peak. 
This can explain by 1H NMR results which have shown that SCA1 has the lowest Si-H 
content, but the product is not crosslinked and completely soluble. This may mean that 
oxazinone/Si-H reactions can occur by ring opening and reduction as discussed in the NMR 
part above. This also agrees with the additional signals in the aromatic region in the spectrum 
of SCA1 (Figure 3.1 a and Figure 3.2 a). In SCA3 this side reaction might be hindered by 
steric hindrance.  Additionally, SCA3 and SCA4 show an endothermic melting peak which is 
caused by the rigid substituents. 
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Figure 3.6 DSC curve of poly(methylhydro)siloxane, HMS-301, in the presence of  platinum 
catalyst. 
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Figure 3.7 DSC curves of polysiloxane containing coupling agents, from SCA1 to SCA4  
 
 
3.5.2 Model Coupling Reactions  
 
Model coupling reactions were performed in order to get more information about the 
selectivity of the functionalities of the polysiloxane coupling agents (SCA) and also to proof 
the crosslinking ability of the remaining Si-H groups. For that, SCA3 was chosen for model 
reactions with low molecular weight organic compounds such as lauric acid and n-
dodecylamine (Scheme 3.5). Model reactions were carried out at 200°C for 10 min. The 
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dissolution experiments of the resulting products were performed in toluene at room 
temperature for 24 h. The reaction products were partially crosslinked and insoluble in toluene 
(Table 3.3). However, all products are completely soluble in trifluoroacetic acid because of 
degradation of the materials in the solvent.  
 
Table 3.3 The content of insoluble part for the model coupling reaction products of SCA3 
 
entry reactant gel content (%) 
model 1 n-dodecylamine 60 
model 2 lauric acid 41 
model 3 mixture of n-dodecylamine + 
lauric acid 
52 
 
The 1H NMR spectra of the model coupling reaction products of SCA3 with lauric acid 
(model 1) and n-dodecylamine (model 2) confirm with the results shown in the literature.47(a) 
Additionally, some side reactions of the activated Si-H groups (catalyzed by small traces of 
remaining platinum catalyst in SCA3) with the amino or carboxylic groups (nucleophile 
substitution) and with the 2-oxazoline and/or 2-oxazinone groups can not be excluded. Figure 
3.7 shows exemplarily the 1H NMR spectrum of the conversion product from the reaction of 
SCA3 with n-dodecylamine. Besides the signals for the Si-H groups at 5.03, 4.79, and 4.74 
ppm the characteristic triplet signals for the remaining oxazoline group at 5.35 and 4.47 ppm 
are visible. The signal at 4.22 ppm corresponds to the CH2OAr group and the signals at 3.5 
ppm represent the Ar-CO-NH-CH2 alkyl group from the reaction of the 2-oxazinone group 
with amine. 
The heating of SCA3 in substance up to 200°C leads to a crosslinked product. The NMR 
spectra suggest that the crosslinking is caused by hydrolysis and condensation reactions of the 
Si-H groups and by reactions of the activated Si-H groups with the 2-oxazoline and/or 2-
oxazinone groups. The intensity of the signals of these groups are decreased with respect to 
the signals of the aromatic protons. In contrast, new signals of aromatic protons are visible 
(not shown). 
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Scheme 3.5 Model coupling reactions of polysiloxane coupling agent SCA3  
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Figure 3.7 1H NMR spectrum of SCA3-dodecylamine coupling reaction of degradation 
product in TFA-d1. 
 
3.6 Conclusions 
 
Crosslinkable polysiloxane coupling agents are successfully prepared by the functionalization 
with novel coupling agents starting from poly(methylhydro)siloxanes. Platinum complexes 
are efficient in hydrosilylation of the coupling agents which were used for the first time for 
modification of the polysiloxane chains. The crosslinking ability of the functionalized 
polysiloxanes could be proven by means of model reactions and quantified by means of 
dissolution experiments. This type of coupling agents may be used in specific practical 
applications such as adhesives, sealings, releasing agents, and for the creation of crosslinkable 
interphases as shown in Chapter 5. 
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The purpose of synthesizing the polysiloxane coupling agents is their use in heterogeneous 
polymer blends where the SCA is expected to locate at the interface and selective coupling 
reactions with the appropriate reactive sites of the blend components take place. The 
remaining Si-H groups may allow for further modification of the interphases of the 
immiscible polymer blends, for instance generating crosslinked interphases. This is 
progressively reported.61 
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4 Amino-End Group Functionalized Poly(Methyl Methacrylate) by Atom Transfer 
Radical Polymerization 
 
4.1 Introduction 
 
One of the main goals in modern synthetic polymer chemistry is to prepare polymers with 
well-defined architecture and controlled molecular weight. For this purpose living 
polymerizations, including cationic, anionic, and group transfer polymerizations, have been 
developed in the past several decades. All these synthetic methods allow the synthesis of well-
defined and functional materials since in them neither chain transfer nor chain termination 
occur.62 The major drawbacks of ionic polymerizations are related to the requirements of the 
highly sophisticated equipment with stringent conditions and highly purified chemicals. This 
sensitivity of ionic methods prevents these from wider industrial applications.  
More recently, controlled/living radical polymerization techniques are employed where the 
polymerization proceeds in the absence of irreversible chain transfer and chain termination 
mechanism.63 In this direction, for the past few years numerous approaches have been 
developed to control molecular weights and end group functionalities, including atom transfer 
radical polymerization (ATRP), nitroxide mediated polymerization (NMP), stable free radical 
polymerization (SFRP), reversible addition fragmentation transfer (RAFT), and catalytic 
chain transfer (various degenerate transfer processes).64 Ideally, all these techniques allow the 
preparation of well-defined polymers with degrees of polymerization predetermined by the 
ratio of the concentrations of consumed monomer to the introduced initiator, DPn = ∆[M]/[I]0, 
and polydispersities close to Poisson distribution, (DPw / DPn ≈ 1 + 1/ DPn). The best 
experimental way for evaluation of such systems is to follow the kinetics of polymerization.64 
According to the assumed mechanisms for controlled polymerizations a well-controlled 
system should provide (i) linear kinetic plots in semilogarithmic coordinates (time versus 
conversion, or time versus ln([M]0/[M]), (ii) linear evolution of molecular weights with 
conversion, and (iii) low polydispersities. Non-linear semilogarithmic plots, ill-controlled 
molecular weights, and broad polydispersities may indicate irreversible termination of 
polymer chains or inefficient initiation of the initiating system. 
 
4.2 End Group Functionalized Polymers by ATRP 
4.2.1 Fundamentals of ATRP 
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In conventional radical polymerizations, it is difficult to control the end groups of the 
polymers as well as the molecular weights due to side reactions like termination by coupling 
and chain transfer. Living radical polymerizations overcome these drawbacks and permit the 
synthesis of end group functionalized and well-defined polymers in a controlled fashion. 
Among various controlled radical polymerization processes, atom transfer radical 
polymerization (ATRP) is one of the most versatile and robust methods. By ATRP, polymers 
are obtained with well-defined chain end structure and controlled molecular weights and 
polydispersities under relatively mild reaction conditions.65 It originates from the atom transfer 
radical addition (ATRA).65(b),66 In these reactions, the catalytic amount of transition metal 
compound acts as a carrier of the halogen atom in a redox process, Scheme 4.1. In the first 
step, the transition metal species, Mtn, undergoes a reversible one-electron redox reaction via 
abstraction of the halogen atom, X, from the organic halide, R-X, to form the oxidized 
species, Mtn+1X, and the carbon centered radical R by a one-electron reduction. This radical 
reacts with alkene, M, in the subsequent step and forms an intermediate radical species, R-M. 
Sooner or later, the reaction between Mtn+1X and R-M results in the target product R-M-X. 
This process regenerates the reduced transition metal species, Mtn, which further reacts with 
R-X and promotes a new redox cycle (Scheme 4.1).  
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Scheme 4.1 Atom Transfer Radical Addition, ATRA65(b)  
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Scheme 4.2 From ATRA to Atom Transfer Radical Polymerization, ATRP65(b)  
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Analogously, in ATRP, the carbon-halogen bond of the adduct R-M-X is successively 
activated by the metal complex, similar to R-X, to result in a product with carbon-halogen 
bond at the end of the polymer chain via a number of atom transfer radical additions, Scheme 
4.2. This means that a controlled radical polymerization may occur.  
The ATRP method was coined and used first by Matyjaszewski and Wang in the literature.66 
The paper describes the controlled synthesis of polystyrene by using 1-phenylethyl chloride, 
as an initiator, CuCl, as a catalyst, and 2,2-bipyridine, as a complexing ligand. Later on it is 
extended to synthesize poly (methyl methacrylate) by Sawamato et al.65(a) who called the 
method transition metal-catalyzed living radical polymerization.  
 
4.2.2 Mechanistic Considerations and Polymerization Kinetics 
 
In ATRP, initiation is accomplished through homolytic cleavage of activated halogen-
containing compounds and the addition of the generated radicals to the alkenes (Scheme 4.3).  
This means that at initiation, the initiator (R-X) reacts with the catalyst system and forms R• 
radicals and the oxidized Cu(II) species. The R• radicals add in the following step one or a few 
monomer molecules and polymerization propagates to form the polymer chain radical P1•. 
The propagation reactions include the reversible activation of the dormant polymer chain Pn-
X by the halide atom transfer to the Cu(I)X. It has been followed by the addition of monomer 
units until it is deactivated by the reversible termination reaction. Termination by chain 
radicals are most dangerous chain breaking reactions, which cannot be avoided in the final 
stages at high conversions of the polymerization.67 
Even if some terminating side reactions may occur during the polymerization, the rate law for 
ATRP can be expressed by the following equation, where the contribution of termination 
reactions is neglected:  
 
Rp = kapp [M] = kp [M] [P •] = kp Keq [R-X]0 [M] [Cu (I)] / [Cu (II)-X] 
 
Rp= rate of the polymerization, kapp = the apparent rate constant, kp = rate of the propagation, 
Keq = rate of the dynamic equilibrium constant, [M] = monomer concentration, [R-X]0 = 
initial initiator concentration, [P•] = concentration of the growing radicals. 
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Scheme 4.3 Elementary reactions involved in ATRP 
 
As per this polymerization rate law, using soluble catalyst systems the polymerization kinetics 
is first order with respect to monomer, initiator, and catalyst concentrations. The precise 
kinetic order with respect to the deactivator (Cu(II)-X) concentration is rather complex due to 
the spontaneous generation of Cu(II) via the persistent radical effect.68 In the atom transfer 
step, a reactive organic radical is generated along with a stable Cu(II) species that can be 
regarded as a persistent radical or metalloradical. If the initial concentration of deactivator 
Cu(II) in the polymerization does not completely ensure a fast rate of deactivation, then 
coupling of the organic radicals will occur leading to an increase in the deactivating Cu(II) 
concentration until the deactivator concentration increases to ∼10-3 M and the radical 
concentration decreases to ∼10-7 M.68 At these conditions a controlled/living polymerization 
proceeds. Typically, less than 10 % of the polymer chains are terminated during the initial 
stage of polymerization. The majority of the chains continue to grow successfully. If a small 
amount of the deactivator, ≈10 mol %, is added initially to the polymerization, then the 
proportion of terminated chains can be widely reduced.69 
The kinetic parameters of initiation can also have a profound influence on the overall 
polymerization kinetics. When the rate of the activation step of the initiator is very high 
compared to the overall activation rate, it can result in a high initial termination rate.70 
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Consequently, it can diminish the number of polymer chains and a steep increase of the Cu(II) 
concentration occurs. Whereas, when the activation rate of the initiator is low compared to the 
overall activation rate, initiation will continue throughout the polymerization time, resulting in 
polymers with broad polydispersity index. For that reason, initiators are often used that 
resemble the polymer structure, normally resulting in an efficient initiation without having 
much influence on the overall polymerization kinetics. Summarizing this, two parameters are 
important for a successful ATRP. First, initiation should be fast enough in comparison with 
propagation. Second the probability of side reactions should be minimized.  
The general mechanism of propagation and possible termination reactions in copper mediated 
ATRP is shown in Scheme 4.4. The active radicals Pn• are generated by a reversible redox 
process catalyzed by a transition metal complex, Cu(I)-Y/L (L: ligand or co-catalyst), which 
undergoes oxidation by a single-electron transfer mechanism with concomitant abstraction of 
a halogen atom, X, from an alkyl halide of the dormant polymer chain, Pn-X.   
 
     
kp
monomer
kda
ka
Pn.    +     X-Cu (II)-Y / LPn-X  +  Cu (I)-Y / L
Pn+m / Pn + Pm
2kt
Pm
.
(X, Y = Br, Cl)
 
      Scheme 4.4 General propagation and termination mechanism for copper-mediated ATRP 
 
kp is the propagation rate constant, kt the termination rate constant, ka the activation rate 
constant, and kda the deactivation rate constant.   
Deactivation of the active species must be fast enough, in comparison with propagation, to 
provide the same rate of growth for all chains and to lead to controlled/living behavior. The 
catalyst reactivity can be adjusted by changing the ligand, counterion, or transition metal 
itself. Copper-employed catalyst systems are the most widely studied reactive systems 
compared to other metal centers such as, iron, nickel, or ruthenium.71,72  
 
4.2.3 Effect of Amine based Ligands in ATRP 
 
Ligands, which are used as co-catalyst, play a vital role in ATRP. The detailed kinetic study 
of the ATRP of styrene using bipyridine ligands under homogeneous conditions showed that 
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the optimum ratio of ligand to copper(I)halide was 2:1, and the ATRP exhibited first order 
kinetics with respect to monomer, initiator, and catalyst concentration.69 More recently, many 
investigations have found that linear bi-, tri- and multidendate amines work extraordinary well 
in copper-mediated ATRP.73 Particularly, a commercially available tridentate ligand, 
N,N,N,N,N-pentamethyldiethylenetriamine (PMDETA), showed a high potential for 
ATRP of a variety of monomers. It is found that the ratio of CuBr/PMDETA = 1/1 is 
sufficient to have a good control of polymerization.73(d) This may be due to the fact that copper 
and simple amines have lower redox potentials than copper-bipyridine complexes. In addition, 
they are more easily accessible and better tunable than bipyridine ligands.73(a) A variety of 
other potential multidentate nitrogen ligands (Scheme 4.5) have been successfully developed 
which lead to higher polymerization rates compared to complexes with 2,2-bipyridine and its 
derivatives.73 
 
PMDETA
NN
N N
N
NN
HMTETA
NN
N
N
Me6TREN
 
Scheme 4.5 Examples of amine ligands used in copper-mediated ATRP90 
 
However, the amine based ligands as complexing agents have not given the desired control 
over the polymerizations. Specifically, using the CuBr/PMDETA catalyst system in ATRP, 
the measured molecular weights significantly deviates from the theoretical predictions.74 
When Me6-TREN (tris-(2-dimethylaminoethyl)amine) was used as complexing agent in the 
ATRP of MMA, Matyjaszewski and coworkers73(b) explained that a significant portion of the 
initial initiator was lost due to termination reactions at the beginning of the polymerization 
resulting in higher molecular weights and low initiator efficiency values. The participation of 
aliphatic amine (e.g. PMDETA), being a component of the catalytic system, in side reactions 
cannot be excluded. Actually, MALDI TOF analysis of the polymer samples isolated at 
different stages of the polymerization under conditions of relatively high concentrations of the 
initiator revealed that the potentially active polymer chains terminated with bromine were 
gradually converted into inactive chains devoid of terminal bromine.75 For this, a hydrogen 
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transfer mechanism as described in the literature76 for the redox initiation of the acrylamide 
polymerization in presence of the aliphatic amine N,N,N,N-tetramethylethylenediamine is 
assumed. 
Recently, taking the advantage of this possible side reaction, Müller et al.77 reported a 
synthetic method for acrylate macromonomers via ATRP by using a hydroxy functional 
initiator in the presence of CuBr and an excess of PMDETA. By this system, polymers 
hydrogen terminated on the one chain end and with a hydroxyl functional group at the other 
chain end could be prepared in a one-pot reaction. It was reported that the ligand PMDETA 
acts as the hydrogen transfer agent at the end of the polymerization.  
 
4.2.4 Copper Removal in ATRP 
 
Despite many positive aspects, one major drawback of ATRP is the large amount of catalyst, 
which is usually required to promote the polymerization control. This highly colored 
metal/ligand complexes have to be removed after synthesis. Additional cost and metal 
residues in the final polymer may hamper industrial applications. After the polymerization 
reaction, the polymer solution must be subjected to several purification methods to remove the 
catalyst/ligand complex and this complex is not reusable. Purification of the polymer solution 
usually involves passing the solution through silica/alumina columns and precipitation into a 
non-solvent. These procedures are suitable on laboratory scale but pose difficulties on large 
scale polymer synthesis. The use of ion-exchange resins to remove copper complexes may 
solve this problem.78 Recently, Matyjaszewski et al.79 suggested the use of zerovalent metal as 
a way to reduce the amount of catalyst. 
Another possible way to overcome this limitation is to use an immobilized/soluble hybrid 
catalyst system for ATRP, which has been developed by Matyjaszewski and coworkers.80 Zhu 
et al.81 have used silica supported multidentate amine ligands to afford low polydispersity and 
control over molecular weight for ATRP of MMA. The use of silica supported ligands with a 
poly(ethylene glycol) spacer has also been demonstrated to enable simple catalyst removal 
techniques. In some investigations polyethylene supported ligands (PE-ligand, Scheme 4.6) 
are found to be very effective for copper removal, with only 1 % of the original copper 
remaining in the polymer.82 Since the low molecular weight linear PE was soluble in organic 
solvents at the elevated polymerization temperature and insoluble at room temperature, PE-
ligands result in homogeneous reaction conditions coupled with simple removal of the 
insoluble metal/ligand complex after the reaction cools down.82  
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N
Nn
 
Scheme 4. 6 PE-ligand for ATRP82 
 
4.2.5 End Group Functionalized Polymers  
4.2.5.1 Functional Initiators  
 
The possibility to attach functional groups to the chain extremities is one of the main 
advantages of controlled radical polymerizations, for instance ATRP. Amine, carboxylic acid, 
alcohol, and oxazoline are highly desirable end groups in functional polymers. The use of 
initiators containing functional groups is a straightforward method in ATRP in order to 
synthesize α-functional polymers.83 Functional groups in the initiator should not interfere with 
the ATRP catalytic system. If the catalyst system is more sensitive to the functional groups it 
is necessary to use them in protected form.84 Deprotection of the functional groups results α-
end group terminated polymers. Taking advantage of the tolerance of living radical 
polymerization for functional groups, a variety of effective mono- and multi-functional 
initiators have been designed in the literature.85  
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 Scheme 4.7 Examples of organic halide functional initiators used in ATRP71 
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However, sufficient initiator efficiency is of prime importance for a successful ATRP. It 
determines the number of initiated chains and subsequently the exact end group functionality. 
Efficient initiators require an apparent initiation rate constant greater than the apparent 
propagation rate constant. Moreover, they should not induce side reactions. Structural 
adjustment of the alkyl part, R, and the leaving group, X, in order to make the R-X bond more 
labile than the Pn-X bond can offer a handle to fine-tune the rate of initiation in the ATRP 
systems.85(a) Generally, alkyl halides with either inductive or resonance stabilizing substituents 
are efficient initiators for ATRP. Some of the functional initiators, which contain hydroxyl, 
acid group in protected form, and amine groups are shown in Scheme 4.7. 
 
4.2.5.2 Displacement of Terminal Halogens  
 
When termination and transfer reactions are absent, in polymers prepared by ATRP every 
chain contains a halogen atom at its head group. The reactivation of those polymer chain ends 
with the formation of a radical is possible. As far as it concerns the applications of polymers, 
the halogens are detrimental for instance in reactive extrusion, reactive blends, or during the 
synthesis of graft-co-polymers.  
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Scheme 4.8 Various methods for the displacement of the Terminal Halogen in ATRP 
polymers using Electrophilic, Nucleophilic, and Radical addition reactions89,90  
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The first consideration is the removal of those species after the polymerization is completed. 
Several methods are reported in the literature, like the replacement of terminal halogens 
through a variety of reactions such as the nucleophilic substitutions, electrophilic addition 
reactions, addition of less reactive monomers, and radical reactions leading to end group 
functional polymers.86 Chaumont et al.87 reported that the bromo-terminated polystyrene has 
been functionalized with tetraphenylethane based derivatives, for instance 1,1,2,2-tetraphenyl-
1,2-bis(trimethylsilyloxy)ethane. Another common method of removing terminal halogens is 
the dehalogenation reaction with trialkyltin hydrides.88 A summary of the replacement of 
terminal halogen atoms of ATRP polymers by many different organic transformations 
including nucleophilic substitution, electrophilic addition, and radical addition reactions is 
shown in Scheme 4.8.89,90  
  
4.3 Objective 
 
It has been demonstrated in the literature that the poly(methyl methacrylate) can be 
synthesized by ATRP with well controlled molecular weights and low polydispersities using 
various initiators and catalyst systems.91,92 However, the objective of the present work is to 
synthesize PMMA, of course by ATRP, having amine end groups without any halogen atoms 
in polymer chains since terminal bromines may have detrimental effects during processing. 
Therefore, in the present study, we used essentially the same method as reported by Müller et 
al.77 We studied the applicability of this method for the synthesis of amino-terminated 
PMMA, an interesting material for reactive processing, e.g. in blends. The functionality was 
introduced by the use of an amino-containing initiator, while the hydrogen transfer should 
result in a polymer devoid of halogen. To hinder amino-caused side reactions and interfering 
of the amino-group with the catalyst system, the amino-functionality of the initiator was 
protected before use. In order to obtain low molecular weight polymers, which can be 
analyzed with sufficient accuracy, relatively high initiator to monomer ratios were chosen. 
The kinetics of the polymerization was studied in anisole by in-line Raman spectroscopy and 
off-line 1H NMR spectroscopy and GPC. The transformations of the terminal bromide into 
hydrogen and side reactions have been analyzed by different analytical methods such as 
MALDI TOF MS and 1H NMR spectroscopy.  
 
4.4 Experimental Part 
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4.4.1 Materials. Methyl methacrylate (MMA, 99 %, Aldrich) was vacuum distilled and stored 
over molecular sieve under argon. Copper (I) bromide (99.99 %, Aldrich) was purified as 
follows: CuBr was stirred with glacial acetic acid for 24 h and washed consecutively with 
acetic acid, ethanol, and diethyl ether for several times and dried under vacuum at 40°C for 3 
days and stored under argon atmosphere. N,N,N,N,N-pentamethyldiethylenetriamine 
(PMDETA) (99 %, Aldrich), anisole (99.7 % anhydrous, Aldrich), bromoisobutyryl bromide 
(Merck), diaminoethane (Merck), dichloromethane (Acros) dried over molecular sieve, 
tetrahydrofuran (THF) (Acros), triethylamine (Fluka), alumina (Merck), trifluoroacetic acid 
(99 %, Aldrich), and di-tert-butyl dicarbonate (Fluka) were used as received.  
 
4.4.2 Analytical Measurements 
 
NMR Spectroscopy. The NMR spectra were recorded on a Bruker DRX 500 spectrometer 
operating at 500.13 MHz (1H NMR) and 125.75 MHz (13C NMR). For polymerization kinetic 
studies the withdrawn samples were dissolved in CDCl3 and the solid components were 
removed by filtration prior to NMR measurements. The residual monomer content was 
determined from the integral signal intensities of the signals at 5.56 ppm and 1.2-0.7 ppm, 
which correspond to one olefin proton of the monomer and the methyl protons of the polymer, 
respectively.  
 
Raman Spectroscopy. Spectra were collected using the Raman spectrometer Holoprobe 785 
(Kaiser Optical Systems Inc). The system has a diode laser operating at 785 nm and a CCD 
camera as detector. The in-line probe was connected to the spectrometer by an optical fiber 
and directly immersed into the reaction medium. Cleaning of the probe head surface is 
required from time to time to avoid excessive fouling. Raman spectra were continuously 
recorded for every 2 minutes, each scan had an integration time of 5 seconds and for one 
spectrum 10 scans were accumulated with a resolution of 2 cm-1. The vinyl stretching at 1641 
cm-1 is characteristic for the C=C bond of the monomer and decreases as a function of the 
monomer concentration. The 785 cm-1 band is characteristic for the solvent anisole (CH of the 
ring) and is taken as inner standard for the quantification of the monomer consumption.  
 
Gel Permeation Chromatography (GPC). The measurements were performed with a 
modular chromatographic equipment (KNAUER) containing a refractive index detector at 
ambient temperature. A single PL Mixed-B column (Polymer Laboratories) was used. The 
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sample concentration was c = 2 g/l and the injection volume was 20 µl. Chloroform was used 
as eluent at room temperature with a flow rate of 1 ml/min. Linear PMMA standards (Polymer 
Laboratories) were used for calibration. 
 
MALDI TOF MS. Mass spectra were acquired on a HP G2030A MALDI TOF MS system 
(Hewlet Packard). The desorption/ionization was induced by a pulsed N2 laser. Dihydroxy 
benzoic acid was used as matrix. All spectra were obtained at an accelerating potential of 24 
kV in linear mode and positive polarity using a TLF-unit. The baseline was corrected. 
 
Thermal Analysis. Differential scanning calorimetric (DSC) analysis was carried out with a 
DSC 7 (Perkin Elmer), Pyris-software version 4.01, under nitrogen in cycles of heating-
cooling-heating with a heating/cooling rate of 20 K/min. The heat flow of the second heating 
was used for the analysis of the glass transition temperature Tg. Thermogravimetric analysis 
(TGA) was performed by using TGA 7 (Perkin Elmer), Pyris-software version 4.01, under 
nitrogen with a heating rate of 10 K/min. 
 
4.4.3 Synthesis of tert-Butyl-N-(2-amino-ethyl) carbonate. A method similar to that 
reported in the literature93 was used (Scheme 4.9). A solution of 17.5 g (0.08 mol) di-tert-butyl 
dicarbonate in 180 ml of 1,4-dioxane was slowly added into a stirred solution of 36 g (0.6 
mol) diaminoethane in 180 ml of 1,4-dioxane over a period of 3 h at room temperature. After 
two days, the precipitate formed was filtered off and the 1,4-dioxane and excess 
diaminoethane were removed in vacuum from the filtrate. 300 ml water were added to the 
residue and the water-insoluble bis(N,N-tert-butyloxycarbonyl)-1,2-diaminoethane was 
removed by filtration. From the aqueous solution saturated with sodium chloride the product 
was extracted with dichloromethane. The collected organic phase was dried over sodium 
sulfate and eventually evaporated under reduced pressure to give 90-95 % of tert-butyl-N-(2-
amino-ethyl) carbonate as colorless oil. 
1H NMR (DMSO-d6): δ = 1.37 ((CH3)3C-), 2.52 (-NH2), 2.73 (-CH2NH2), 2.9 (-CH2NH-), 
5.74 ppm (-NH-). 
4.4.4 Synthesis of the Initiator I. tert-Butyl-N-(2-amino-ethyl) carbonate (17.7 g, 0.11 mol), 
triethylamine (11.33 g, 0.11 mol), and dry dichloromethane (180 ml) were placed in a three-
neck round-bottomed flask. 2-Bromoisobutyryl bromide (25.4 g, 0.11mol) was added slowly 
with stirring at 0°C. The reaction was left for 48 h with continuous stirring at room 
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temperature. Triethylammonium bromide was formed as white precipitate and filtered off. 
After removal the solvent in vacuum from the filtrate a yellow solid is left. The product was 
dissolved in methanol and precipitated into water saturated with Na2CO3. Yield: 90-95 %. mp 
94-96°C. 
1H NMR (DMSO-d6): δ = 1.38 ((CH3)3C-), 1.86 ((CH3)2C-), 3.02 (-CH2-NH-COO-), 3.12 (-
CH2-NH-CO-), 6.8 (-CH2-NH-COO-), 8.0 ppm (-CH2-NH-CO-). 
 
4.4.5 Polymerization in Bulk. Scheme 4.10 describes the synthetic method for the 
preparation of PMMA. The synthetic procedure is as follows; CuBr was placed in a dried 
Schlenk tube. The tube was evacuated and flushed with argon three times. Then 5 g of the 
degassed methyl methacrylate and PMDETA were added to the tube and stirred until the 
system became homogeneously green. The resulting solution was freed from oxygen by 
performing three freeze-pump-thaw cycles and kept under argon. The tube was placed in oil 
bath (water bath, when the reaction was performed at 25°C) at the desired temperature and the 
polymerization was started by adding the initiator. After the polymerization was completed 
the polymerization mixture was dissolved in THF. The catalyst was removed by passing the 
solutions through a column of alumina/silica. The polymer was precipitated in n-hexane and 
dried at 50°C in vacuum. The BOC protecting group was removed by treating with 
trifluoroacetic acid (25 % by volume) in dichloromethane for 2 days at room temperature. The 
solution was neutralized with triethylamine, subsequently precipitated into n-hexane, the 
product was filtered off and vacuum dried.  
1H NMR (CDCl3): δ = 2.9 (CH2NH2), 3.3 (CH2NH-), 6.2 (-NH-CO), 1.1 ((CH3)2CO), 1.8 (-
CH2- main chain), 1.2-0.7 (CH3), 3.6 (OCH3), 5.47 and 6.2 (CH2=, vinylidene end groups). 
 
4.4.6 Polymerization in Solution. The polymerization in solution (30 g MMA + 30 g 
solvent) was done under similar conditions, but the round-bottom flask was equipped with a 
rubber septum. Samples were withdrawn periodically from the polymerization solution for 
further analysis. The polymerization was stopped by adding (deuterated) trifluoroacetic acid 
and the samples were stored in a freezer at -10°C. These samples were directly used for NMR 
and MALDI-TOF analysis, or they have been deprotected before further analysis. The GPC 
analysis was done on samples in the BOC-protected state, but after removal of the catalyst. 
The thermal analysis was done on samples in the deprotected state. 
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4.5 Results and Discussion 
 
The initiator containing protected amine group was synthesized according to Scheme 4.9.  
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Scheme 4.9 Synthetic route for the amino-functional initiator for ATRP 
 
The structure of the initiator was analyzed by NMR spectroscopy. Figure 4.1 shows the 1H 
NMR spectra of the initiator with detailed signal assignments. Signal at 6.4 ppm may 
correspond to -NH- proton due to isomerization of the ester groups of BOC as shown below.  
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The structure of the initiator has also been confirmed by 13C NMR spectroscopy (Figure 4.2). 
At 39-40 ppm in Figure 4.2 the signals correspond to the solvent DMSO-d6 and the CH2 
carbons are overlapped. But, these signals could be assigned by 2D NMR spectroscopic 
measurements.  
Using this amino-functional initiator, PMMA has been synthesized by ATRP. The synthetic 
path of ATRP of methyl methacrylate (MMA) is described in Scheme 4.10. This synthetic 
strategy should results in PMMA with amine functional group from the initiator at one chain 
end and a dead polymer chain by hydrogen atom transformation of the ligand.77 For this 
purpose, the polymerization reactions were carried out using a two-fold excess of the 
PMDETA ligand with respect to the initiator concentration. Table 4.1 contains a 
representative selection of polymerization conditions and analytical data of the obtained 
polymers. 
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Scheme 4.10 Synthetic strategy for amine-functionalized PMMA devoid of halogen by ATRP 
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Figure 4.1 1H NMR spectra of the initiator I in DMSO-d6. 
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 Figure 4.2 13C NMR spectra with structural assignments of the initiator I in DMSO-d6. 
 
Table 4.1 Reaction conditions and analytical data for the ATRP of MMA in bulk and solution 
([CuBr]0/[PMDETA]0 = 1/2). 
 
polymer [CuBr]0 
/ [I]0 
solvent T tpol. [MMA]0 
/ [I]0 
conver-
-sion 
Mn,calc 
a) 
Mn,GPC f  =   a) Mw/Mn 
   °C min.  % g/mol g/mol Mn,cal/Mn,GPC  
1 1b  60 10 20/1 82 1870 5200 0.36 2.86 
2 1  25 30 100/1 53 5540 22400 0.24 2.18 
3 0.5  25 60 100/1 80 8240 7750 1.06 1.79 
4 0.5  0 240 100/1 n.d. n.d. 24950 n.d. 2.55 
5 0.3  25 90 100/1 43 4530 25700 0.18 2.45 
6 0.2  25 180 100/1 22 2430 6050 0.40 2.06 
7 0.1  60 180 100/1 42 4430 26050 0.17 1.53 
8 0.1  25 360 100/1 n.d. n.d. 23350 n.d. 1.62 
9 1 toluene 25 300 100/1 42 4430 8150 0.54 2.20 
10 0.5 toluene 60 180 20/1 98 2190 5350 0.40 2.40 
11 1 anisole 90 360 200/1 58 11800 66000 0.18 2.61 
ppm
30405060708090100110120130140150160170
1
8
6
3
7
2
CH3
NH BrC
O
C
O
C
CH3
(CH3)3C O NH CH2 CH2
1 2
3
4 5
8
6
7
39.14 39.97
assigned by 2D NMR
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12 1 anisole 60 360 200/1 45 9240 49150 0.18 2.23 
13 1 anisole 25 1440 200/1 75 15200 28400 0.53 2.21 
14 1 anisole 25 1440 100/1 92 9440 18600 0.50 2.50 
15 1 anisole 25 30 20/1 66 1550 2200 0.70 2.16 
      
 a) Mn, cal (g/mol) = [M]0/[I]0 x conversion (%/100) x MMMA + MInitiator 
n.d.: not determined 
 
The MMA conversion was determined gravimetrically from the amount of PMMA 
precipitated in n-hexane. Under these reaction conditions, all PMMA samples show higher 
molecular weights than the calculated ones assuming the typical controlled mechanism of the 
ATRP and exhibit rather broad polydispersities. The initiator efficiency values are low. This 
may be ascribed to side reactions caused by the high radical concentration and the poor 
temperature control at the beginning of the polymerization due to the highly exothermic 
character of the polymerization. To achieve a better heat control the polymerizations at room 
temperature were carried out in a water bath. 
However, also under these conditions termination of some of the growing chains by coupling 
or interactions with the ligands might take place in the course of polymerization causing the 
low initiator efficiency.94 Even under mild conditions like in solution the typically controlled 
character of the ATRP was not achieved. This was likely due to the dissimilar structures of 
the initiator and the dormant species of PMMA chains. Klumperman et al.95 described the 
importance of the chemical structure of the initiator, when a heterogeneous catalyst like 
CuX/PMDETA is employed in the ATRP of tert-butyl methacrylate (tBMA). Slow initiation 
and high propagation rates were observed in the polymerization of tBMA with ethyl-2-
bromoisobutyrate as initiator. Furthermore, interactions between the initiator and catalyst 
system can not be excluded. Moreover, the controlled character of the radical polymerization 
usually relies on the dynamic equilibrium between active and dormant species. This has the 
characteristic feature to keep the radical concentration low enough in order to suppress the 
bimolecular termination and other side reactions. The coordination complexes between copper 
and simple amines have a lower redox potential than the typically used copper/bipyridine 
complexes.73(a) This results in a higher concentration of active radicals which possibly favors 
undesired side reactions such as irreversible termination of active chain ends. From all these 
arguments broad polydispersities and low initiator efficiencies can be expected.  
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Figure 4.3 MALDI TOF MS of PMMA (sample 1, Table 4.1); m = 129 + n(100.12) + 1 + 23 
(Na+); m =1755 Da for n = 16, NH2-(MMA)16-H.  
 
To study the reasons for the uncontrolled character of the ATRP we analyzed the structure of 
the PMMA terminal groups. Under the used polymerization conditions the expected 
termination reaction is the bromine exchange by hydrogen of the PMDETA forming polymers 
devoid of halogen, proven for different acrylates for similar polymerization conditions.75,77 
Figure 4.3 clearly shows the dominance of the halogen-free amino-terminated poly(methyl 
methacrylate) (NH2-PMMA-H) in the MALDI TOF mass spectra. The main signals in the 
spectrum correspond to NH2-PMMA-H (m = 129 + n (100.12) + 1 + M+), whereas the signals 
of NH2-PMMA-Br should appear at m = 129 + n (100.12) + 79/81 + M+. 
 
4.5.1 Kinetic Studies 
 
To get deeper insight in the possible side reactions kinetic studies of the polymerization were 
performed on the system with the composition of [MMA]/[I]/[CuBr]/[PMDETA] = 20/1/1/2 
in anisole (MMA/anisole = 1/1 by weight) at 25°C. The used high concentration of the 
initiator was chosen in order to obtain relatively low molecular weight polymers, which allow 
the analysis of the structure of the terminal sites with sufficient accuracy. After 60 min. the 
system became very viscous, indicating the reaching of a high degree of conversion. To 
follow the kinetics of monomer conversion we used 1H-NMR spectroscopy and Raman 
spectroscopy.  
Raman spectroscopy has several advantages to characterize in situ polymerization reactions. 
These advantages include minimal required sampling volume, and larger frequency ranges for 
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spectral observation on one instrument. These advantageous characteristics make Raman 
spectroscopy particularly useful for the in situ characterization of polymerization kinetics. For 
example, Min and coworkers96 have successfully used Raman spectroscopy to study the 
kinetics of thermoplastic polyurethane polymerization in situ. Figure 4.4 shows representative 
in-line Raman spectra taken for the kinetic studies of ATRP of MMA. The intensity of the 
vinyl stretching band at 1641 cm-1 which is characteristic for the C=C bond of the monomer 
decreases with time (Figure 4.4 a).  
The band at 785 cm-1 characteristic for the solvent anisole (aromatic proton) is almost 
constant and taken as inner standard for the quantification of the monomer consumption. The 
change of the intensity ratio between both bands and the residual MMA content with time is 
shown in Figure 4.4 b. 
Figure 4.5 shows representative 1H NMR spectra for studying the kinetics of the ATRP of 
MMA, where the samples were withdrawn for off-line measurements. The initial monomer 
concentration is decreasing (5.56 ppm corresponds to olefin proton of the monomer) and the 
polymer concentration is increasing (1.2-0.7 ppm corresponds to methyl protons of the 
polymer) as a function of time.  
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Figure 4.4 Representative Raman spectra taken for the kinetics of the ATRP of MMA in 
anisole at different times (a); and the time dependence of the band area ratio, A1641/A785, 
and the relative monomer content calculated of it (b) (conditions: 
[MMA]/[I]/[CuBr]/[PMDETA] = 20/1/1/2, T = 25°C). 
 
 The determined vinylidene content (Figure 4.5 b) by 1H NMR in the reaction mixture will be 
discussed later. The results of the in-line Raman studies agree well with the off-line NMR 
determination of the MMA conversion (Figure 4.6). The viscosity of the polymerization 
medium increased drastically after ca. 80 % of monomer conversion even in solution. When 
only small amounts of the monomers are left, larger deviations in the ln([M]0/[M]) values are 
visible, possibly caused by different sensibilities of both methods ([M]0 and [M] are the MMA 
concentrations at the beginning and at the time of analysis, respectively). Under the used 
conditions 1H NMR spectroscopy is able to detect free MMA in amounts as small as 0.002 
[M]0 non-ambiguously with an accuracy of ±0.001 [M]0. The in-line Raman spectroscopy 
detects a thin layer (about 500 µm) direct on the surface of the probe. At high conversion rates 
the highly viscous material starts to stick at the Raman-probe, therefore it has to be cleaned 
from time to time. Furthermore, the accuracy may be reduced due to insufficient material 
exchange at the probe surface. Therefore, we evaluated the Raman spectra up to a conversion 
of ca. 98.5 % only (Figure 4.4 b).  
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Figure 4.5 Representative 1H NMR spectra of the ATRP of MMA (a) and from the peak 
intensity ratios calculated curves of the residual monomer concentration, polymer formation, 
and the formation of vinylidene end groups with respect to the initial MMA content (b) (for 
conditions see Figure 4.4). 
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Figure 4.6 Conversion and semilogarithmic kinetic plots for the ATRP of MMA followed by 
Raman and 1H NMR spectroscopy (for conditions see Figure 4.4). 
 
0 20 40 60 80 100
0
500
1000
1500
2000
2500
3000  Mn,calc
 Mn,GPC
Conversion (%)
M
n
2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.7
 Mw/Mn
M
w /M
n
 
Figure 4.7 Dependence of molecular weight and molecular weight distribution on monomer 
conversion for the ATRP of MMA (for conditions see Figure 4.4). 
 
The molecular weights Mn are increasing with conversion as expected but the values are 
higher than the theoretical ones with rather broad polydispersity and the dependency of the 
molecular weight on the conversion is not linear, as it would be the case under controlled 
living polymerization conditions (Figure 4.7). The non-linear dependency of the ln([M]0/[M]) 
versus time plot indicates that the number of active radicals reduces during polymerization, a 
proof for the occurrence of irreversible termination reactions.  
One of the possible irreversible termination reactions is the bromine exchange by hydrogen 
from the PMDETA forming polymers devoid of halogen, proven for different acrylates for 
similar polymerization conditions.75 However, from literature it is not clear if this side 
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reaction starts from the beginning75 or occurs not until the polymerization is completed.77 
Figure 4.8 shows the MALDI TOF mass spectra of PMMA samples isolated at different time 
intervals of the polymerization process. All chains carry an initiator molecule as α-end group. 
The spectra show sodium, potassium, and lithium adducts of the individual polymer chains. 
The main signals correspond to BOC-NH-PMMA-H (m = 229 + n (100.12) + 1 + M+), 
whereas the signals of BOC-NH-PMMA-Br should appear at m = 229 + n (100.12) + 79/81 + 
M+. Already after 2 min. when the conversion was only 20 % the signals corresponding to 
BOC-NH-PMMA-H are dominating in the MALDI TOF mass spectra (Figure 4.8) and a 
significant amount of higher molecular weight products is visible. With increasing 
polymerization time larger amounts of higher molecular weight products are formed and the 
relative amount of oligomer products diminishes but is still present to a significant amount at 
almost complete conversion. Even if it is not possible to quantify the molecular weight 
distribution, MALDI TOF MS proves qualitatively the increase of Mn with time and the broad 
molecular weight distribution which is in accordance with the GPC results.  
The bromine terminated polymers could be observed even after longer polymerization times 
(Figures 4.9), indicating that the hydrogen transfer is incomplete under the chosen conditions. 
A third series of minor signals is probably caused by combination products of two radicals 
and corresponds to m = 229 + n (100.12) + 229 + M+ (Figure 4.9). The dominating formation 
of the hydrogen terminated PMMA (already after 10 min. this product is dominating) as well 
as the formation of molecules containing two initiator units clearly indicates that irreversible 
termination reactions proceed from the beginning of the polymerization. The observed facts 
are independent of the preparation conditions of the MALDI samples. Precipitated samples 
(where a fractionation may occur) as well as samples taken directly from the polymerization 
solution show the same tendency. 
Recently, it was shown that PMMA prepared by ATRP undergoes a loss of methyl halide and 
forms lactones during MALDI TOF analysis97 and dehydrohalogenation may also occur.98 
However, this could not be observed in the present study. Signals corresponding to bromine 
containing polymers could be detected unambiguously, so that the mentioned loss of bromine 
during the MALDI TOF analysis is at least not complete. Otherwise, disproportionation 
would give a series of polymers with hydrogen as ω-end identically to the structure of 
polymers formed by the desired hydrogen transfer accompanied by another series containing 
terminal unsaturation, which is identical to the dehydrobromination product (Scheme 4.11). 
The molecular weight difference between both series is 2 Da only. However, such 
characteristic pattern is not observed in the mass spectra, which may be due to the overlapping 
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of the corresponding signals with hydrogen terminated ones.   
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Figure 4.8 MALDI TOF MS of PMMA withdrawn at different times during the ATRP of 
MMA (for conditions see Figure 4.4, conversion determined by 1H NMR). 
 
In contrast to the MALDI TOF results the 1H NMR analysis clearly proves the existence of 
vinylidene terminated products (Figure 4.10). The peaks at 5.45 and 6.21 ppm could be 
assigned to the terminal double bonds formed due to either dehydrobromination or 
termination by disproportionation (Scheme 4.11). The intensities of both amido protons are 
identical, indicating that the protecting BOC group is still present. This means that the used 
concentration of trifluoroacetic acid to stop the polymerization reaction is not sufficient for 
deprotection of amino-group. From the signal ratios of the olefinic protons to that of the 
amido protons the degree of elimination can be evaluated.  
Figure 4.11 shows the formation of vinylidene end groups. This is related to the total amount 
of MMA (reacted MMA + non-reacted MMA = [MMA]0) in dependence on the MMA 
conversion calculated from proton signal ratio between the vinylidene protons and the methyl 
groups of PMMA + MMA. The vinylidene formation starts from the beginning of the 
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reaction, but the assigned peaks could be analyzed quantitatively from 30 % of the monomer 
conversion. It increases slightly with monomer conversion and is almost constant (about 0.65 
mol%) at above 50 % of conversion. Under the ATRP conditions used, as soon as the 
polymerization starts a high amount of radicals (initiator and growing polymer chains) is 
formed leading to a high degree of termination reactions according to Scheme 4.11. With 
raising conversion the radical concentration decreases and the termination by side reactions is 
reduced so that the vinylidene content remains almost constant. The occurrence of side 
reactions from the beginning of the polymerization explains the broad molecular weight 
distributions (Table 4.1, Figure 4.7). 
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Figure 4.9 Detailed signal assignments of MALDI-TOF-MS of PMMA samples taken after 
10 min. (a) and 6 h (b) (see Figure 4.6): 1. adducts of BOC-NH-(MMA)14-H; 2. adducts of 
BOC-NH-(MMA)14-Br; 3. adducts of BOC-NH-(MMA)13-NH-BOC. 
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CH2= NHNH
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Figure 4.10 1H NMR spectra (regions) of isolated PMMA samples taken after 15 min. (a) or 6 
h (b), showing the signals of the olefinic protons of the vinylidene end groups and the NH 
signals of the starting group (conditions see Fig. 4.4). 
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Scheme 4.11 Representative side reactions in the ATRP of MMA; termination by hydrogen 
transfer (a), disproportionation (b), recombination (c), and elimination (d). 
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Figure 4.11 Content of vinylidene end groups related to [M]0 in dependence on conversion 
during the course of ATRP of MMA. 
 
The NMR spectrum of the final product (Figure 4.12) shows a molar ratio of 0.29 of 
vinylidene protons with respect to the end groups from initiator molecules. This means, 
assuming all polymer chains are started by the initiator and ignoring the bimolecular coupling 
termination, that about 30 % of polymer chains are terminated by vinylidene end groups due 
to either dehydrobromination or disproportionation.  
Similar side reactions were also observed by Boutevin and coworkers.99 They prepared bromo 
terminated polystyrene via ATRP and used it in a second step for the synthesis of telechelic 
polystyrene by bimolecular coupling using a Cu(0)/PMDETA catalyst system. Unsaturated 
side products were found. The formation of hydrogen terminated polymer chains indicates 
that degradative transfer proceeds as hydrogen radical abstraction.75 This phenomenon, so far, 
has not been unequivocally proven in the literature. Kubisa and coworkers75 assumed that the 
hydrogen radical donor is the used complexing agent PMDETA. In earlier works, it was 
reported that the analogous compound, tetramethylethylenediamine, acts as a hydrogen radical 
donor in redox initiated polymerization of acrylamide in aqueous media.76 Analyzing by ESR 
spectroscopy it was postulated that the (CH3)2NCH2CH2(CH3)NCH2 (Scheme 4.12) is one of 
the initial free radicals responsible for the initiation of the vinyl polymerization in addition to 
the sulfate free radical (HO3SO). 
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Figure 4.12 1H NMR spectrum of PMMA (Mn = 5300, Mw/Mn = 2.8, R = H or CH2-
C(COOCH3)=CH2, vinylidene protons: y). A trace of the stronger base N(CH2CH3)3 was 
added to improve the resolution of the signals a and b of the primary amine end group by 
deprotonation under formation of [HN(CH2CH3)3]+ (x).  
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Scheme 4.12 Postulated hydrogen radical abstraction from amine.76  
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4.5.2 Thermal Stability 
 
The determined Tg value of one of our PMMA samples (Mn = 3200 and Mw/Mn = 2.09) is 
107°C, a typical value for atactic PMMA.100 Jerome et al.101 reported a Tg of 125°C for 
PMMA (Mn = 39000 and Mw/Mn = 1.26) prepared by ATRP with the catalytic system 
containing NiBr2(PPh3)2 and ethyl-2-bromoisobutyrate (2-(EiB)Br), and a Tg of 115°C for 
PMMA (Mn = 130 000 and Mw/Mn = 2.2) synthesized by traditional radical polymerization. 
Since no significant differences in the tacticity have been observed, the relatively high Tg 
given by Jerome can be explained only by the low polydispersity of his ATRP product and the 
absence of oligomeric byproducts. Furthermore, our product has only a rather low molecular 
weight. 
Thermal degradation of PMMA, which is prepared by conventional radical polymerization, 
usually proceeds in 3 steps102 (i) decomposition of head-to-head linkages at around 165°C, (ii) 
initiation of the depolymerization from the vinylidene chain ends at around 270°C, and (iii) 
random scission within the polymer chain at around 360°C. Colombani et al.103 observed a 
similar degradation step in PMMA, prepared by controlled radical polymerization. A better 
thermal stability of PMMA synthesized by ATRP was reported by Granel and coworkers.104  
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Figure 4.13 TGA analysis of PMMA (Mn = 3200, Mw/Mn = 2.09) synthesized by ATRP. 
 
The thermal stability of halogen free amine terminated PMMA is shown in Figure 4.13. A 
partial weight loss of about 5 % occurs already at ca. 200°C, certainly caused mainly by the 
evaporation of low molecular weight products105 and by decomposition of head-to-head 
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coupling products mainly formed at early stages of polymerization. The two main degradation 
steps starting at ca. 270°C and 360°C are caused by depolymerization starting from the 
vinylidene ends, which are evidenced by 1H NMR analysis, and by random chain scission, 
respectively.101 The two step degradation clearly proves the presence of saturated and 
unsaturated end groups in the final polymer, as it was found in the structural analysis. 
 
4.5.3 Processing Stability 
 
We have evaluated suitable processing conditions of the synthesized amino-terminated 
PMMA by ATRP. To allow an accurate structural analysis low molecular weight PMMA was 
preferred. We analyzed the structure of PMMA (Mn = 3200 g/mol, PD = 2.09) before and 
after processing in a DACA Micro-Compounder (DACA Instruments). The shear rate (100 
rpm) is comparable to conventional extrusion processes. After processing at 180°C no 
changes in the structure could be observed and the molecular weight remains unchanged. At 
higher temperatures side reactions occur forming a main product of unknown structure as 
shown in Figure 4.14 (with 50 Da molar mass difference compared to NH2-PMMA-H in 
Figure 4.3) and increased molecular weight of about 2 times. However, the amine end group 
functionalized PMMA synthesized by ATRP can be melt processed under stable processing 
conditions.  
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Figure 4.14 MALDI TOF MS of NH2-PMMA-H processed in a DACA Micro-Compounder 
for 10 min. with 100 rpm at 180 °C (a) or 200 °C (b). 
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4.6 Conclusions 
 
Atom transfer radical polymerization is a suitable technique to synthesize end group 
functional polymers. The used catalyst system, CuBr/PMDETA and an initiator containing a 
protected amino-functionality for ATRP of MMA results in amino-functionalized PMMA. 
Most of the terminal bromine groups originating from the initiator are removed during the 
polymerization either by hydrogen transfer or by terminating side reactions as bimolecular 
disproportionation or head-to-head coupling and elimination. All irreversible termination 
reactions are detectable already at early stages of the polymerization by MALDI TOF MS or 
1H NMR. Under the conditions used, especially at the high initiator concentration, the ATRP 
of MMA proceeds in an uncontrolled fashion and the obtained polymers have higher 
molecular weights than calculated for controlled conditions and, in addition, broad 
polydispersities. The initiator efficiency values are lower than one, even under mild 
polymerization conditions. Side reactions can obviously not be avoided under the used 
conditions of ATRP of MMA. In-line Raman and off-line 1H NMR spectroscopic methods 
were successfully used to determine the monomer conversion as a function of time. The 
results of both methods agree well. The kinetic results also proof the uncontrolled character of 
the ATRP.  
Independent of this, the amino-functionalized PMMA is stable under proper processing 
conditions, which is an important parameter for its use as component in reactive blends. 
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5 Crosslinkable Interphases in Polymer Blends 
5.1 Introduction  
 
Since the interfaces in heterogeneous polymer blends are determining the blend properties to a 
large degree, we evaluated possibilities for the controlled modification of such interfaces. For 
this, the crosslinkable coupling agents (SCA, see Chapter 3) will be used. Due to their 
reactivity to both blended polymers the SCA shall locate at the interface forming an own 
phase, where the remaining Si-H units can be used for further modification, e.g. for 
crosslinking. The general expected scheme for generating crosslinked interphases in blends is 
shown below (Scheme 5.1). Two model blend systems were used for these studies; carboxylic 
acid terminated polystyrene (PS-COOH) / amine terminated polyamide 12 (PA-NH2), and PS-
COOH / amine terminated poly(methyl methacrylate) (H2N-PMMA).  
selective coupling reaction
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Scheme 5.1 Strategy for the creation of crosslinked interphases in immiscible polymer blends. 
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5.2 Experimental Part 
5.2.1 Materials 
 
Carboxylic acid terminated polystyrene (PS-COOH) was prepared according to the literature58 
by the TEMPO-mediated free radical polymerization using 4,4-azo-bis-(4-cyanopentanoic 
acid) as an initiator. To stabilize the product during processing the TEMPO end group was 
removed by oxidation with m-chloroperbenzoic acid.58 PS-COOH has Mn = 28000 g/mol, PD 
= 1.68, f ∼ 0.7 for PS-COOH/PA-NH2 blends and Mn = 40000, PD = 1.1, f ∼ 0.6 for PS-
COOH/H2N-PMMA blends. Non-reactive PS (n-PS, Mn = 21500 g/mol, PD = 1.65) was 
prepared by using AIBN as initiator following the same method. Mono-amine functionalized 
polyamide 12 (PA-NH2, Mn = 5000 g/mol, f ∼ 1) was received from Degussa AG. 
Polysiloxane containing coupling agents (from SCA1 to SCA4), and amine end group 
terminated poly(methyl methacrylate) (H2N-PMMA) via ATRP were prepared as described in 
the previous chapters, Chapter 3 and Chapter 4, respectively. 100 g of MMA in 100 g of 
anisole was taken for the synthesis of H2N-PMMA with the corresponding amount of 
appropriate reagents in  [MMA]/[I]/[CuBr]/[PMDETA] = 20/1/1/2 (for H2N-PMMA1), and 
100/1/1/2 (for H2N-PMMA2 and H2N-PMMA22) mole ratio. The polymerization was carried 
out at 25°C for 24 h. H2N-PMMA1 has the molecular weight of Mn = 3200 g/mol, PD = 2.09, 
f = 1, and H2N-PMMA2 Mn = 18600 g/mol, PD = 2.55, f ∼1, H2N-PMMA22 Mn = 14800, PD 
= 2.55, f = 1. Platinum-divinyltetramethyldisiloxane complex in xylene (2.1-2.4 % platinum 
concentration) was received from Gelest ABCR.   
 
5.2.2 Analytical Measurements  
 
The 1H NMR spectra were recorded on a Bruker DRX 500 spectrometer operating at 500.13 
MHz. Deuterated trifluoroacetic acid (TFA-d1) was used as solvent. The morphology of the 
blends was investigated by scanning electron microscopy (SEM) using an SEM LEO 435 VP 
(Leo Elektronenmikroskopie) operating with an acceleration voltage of 5 to10 kV. Atomic 
force microscopy (AFM) was performed on smooth cryo-cuts by means of a NanoScope IV - 
Dimension 3100 (Veeco). The measurements were done in the tapping mode. The topography 
and phase images have been detected simultaneously. The scan conditions we choose 
according to Magonov106 (free amplitude > 100 nm, set-point amplitude ratio 0.5) to get 
stiffness contrast in the phase image, that means bright features in the phase image are stiffer 
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than dark areas. Rheological properties were analyzed by an ARES Rheometer (Rheometrics 
Sci.) using a parallel plate-plate geometry with a plate diameter of 25 mm and a gap of 1-2 
mm under nitrogen atmosphere at  200°C.  Frequency sweeps in the range from 0.1 rad/s to 
100 rad/s and return from 100 to 0.1 rad/s were done, the second sweeps were used for 
interpretation. The strain of 3-20 % is within the linear viscoelastic region (as checked by 
strain sweeps).  Differential scanning calorimetric (DSC) analysis of PS-COOH/PA-NH2 
blends were carried out with a DSC 7 (Perkin Elmer), Pyris-software version 4.01, and PS-
COOH/H2N-PMMA blends with DSC Q 1000 of TA Instruments with an auto sampler. 
Measurements were done under nitrogen atmosphere at a scan rate of ± 20 K/min in the 
temperature range of -60°C to 240°C, if not otherwise mentioned. All samples were measured 
in a heating-cooling-heating cycle. The heat flow of the second heating was used for the 
analysis. FTIR analysis was carried out by FTIR-spectrophotometer IFS 66v (Bruker) using 
Golden Gate ATR diamond crystals (SPECAC).  For EDX measurements the cuts analyzed 
by AFM were used. The measurements were carried out by using an environmental scanning 
electron microscope XL30 ESEM FEG equipped with EDAX EDX-detector.  All 
measurements were done in ESEM-mode under water vapor atmosphere (2 to 2.9 Torr; 
working distance 10 mm; spot (degree for diameter of e-beam) 4; accelerating voltage 15 kV; 
magnification 1000).  
 
5.2.3 Blend Preparation  
 
The blends were prepared by melt mixing in a DACA Micro-Compounder (DACA 
Instruments; two conical co-rotating screws with a bypass allowing the material to circulate 
for defined periods; capacity of 4.5 cm3) at 200°C with 100 rpm for 10 min., if not otherwise 
mentioned. The blend composition was PS-COOH/PA-NH2/SCA = 80/15/5 (wt%). The 
mixing was carried out by different processing methods. In the one-step mixing method all 
blend components were fed together to the Micro-Compounder. In the two-step method PA-
NH2 and the SCA were mixed first and in a second step the corresponding amount of PA-
NH2/SCA was mixed with the PS-COOH. The blends containing both SCA1 and SCA2 were 
prepared by premixing of PA-NH2 with SCA1, PS-COOH with SCA2, and in third step PA-
NH2/SCA1+PS-COOH/SCA2 were mixed together (three-step mixing). To catalyze the 
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crosslinking reaction sometimes Pt solution (20 µl) was added to the mixture (in the final step, 
if it is two- or three-step mixing method).  
PS-COOH/H2N-PMMA1 blends with and without SCA were prepared at 180°C with 100 rpm 
for 10 min. In one-step mixing method all the blend components were fed together and two-
step method H2N-PMMA and the SCA were mixed at first step and the corresponding amount 
of H2N-PMMA1/SCA was added to the PS-COOH phase in second step. All PS-COOH/ H2N-
PMMA2 and PS-COOH/H2N-PMMA22 blends were prepared in one-step mixing with 
various compositions at different temperatures 180°C, 190°C, and 200°C, 100 rpm for 10 
min., and H2N-PMMA2/SCA3 blend was prepared at 220°C due to viscosity changes during 
mixing.  
 
5.2.4 Etching Methods 
 
The extruded strands from the Micro-Compounder were cryo cut by a microtome and 
chemically etched. Etching with trifluoroacetic acid (TFA) for 4h at room temperature 
dissolves the PA-NH2 dispersed phase and the non-crosslinked SCA (PS-COOH/PA-NH2 
blends). The etched samples were sputtered with gold and analyzed. SEM was also done on 
separated dispersed phase particles by selectively dissolving the PS-COOH matrix in toluene 
(10 mg of blend sample in 20 ml of toluene). Etching with toluene also dissolves the non-
crosslinked coupling agents (from SCA1 to SCA4). This results in a PS solution with 
dispersed PA-NH2/crosslinked SCA floating in it. The particles were separated by low 
pressure membrane filtration using a polytetrafluoroethylene membrane with a pore size of 
0.2 µm. The filter paper was rinsed with fresh toluene for several times to remove remaining 
PS from the membrane and the particles. Finally it was rinsed with acetone and dried carefully 
under vacuum. Small sections at different parts of the membrane were cut out, placed on SEM 
stubs and sputtered with gold. SEM with an acceleration voltage of 10 kV was used. Some 
times n-hexane was used to dissolve PMHS phase from the blends of PS-COOH/PA-NH2. 
PS-COOH/H2N-PMMA blend samples were also selectively etched with TFA to dissolve 
PMMA phase and a mixture of cyclohexane/toluene (80/20 v/v) to dissolve PS phase. Using 
toluene at room temperature both polymers and the non-crosslinked SCA are soluble and the 
crosslinked components can be separated out. 
 
5.3 Results and Discussion 
Crosslinkable Interphases in Polymer Blends 
 
 
 
 
 
75 
 
5.3.1 PS-COOH/PA-NH2 Blends 
5.3.1.1 Influence of PMHS and CA on the Blend Morphology  
 
Since the use of SCA is unprecedented in polymer blends and has not been described so far, 
some elementary studies were performed with unmodified methyl hydrosiloxane-co-dimethyl 
siloxane copolymer (PMHS) and the bi-functional coupling agent CA3. Figure 5.1 shows the 
morphology pictures of PS-COOH/PA-NH2 blends without and in presence of 5 wt% PMHS 
or CA3. When non-reactive PS (n-PS) was blended with PA-NH2 (84/16 wt%), the blend 
obviously shows a coarse morphology of PA-NH2 dispersed phase (Figure 5.1 a). In contrast, 
the use of reactive PS-COOH results in a much finer morphology. This indicates the strong 
interactions between the PS-COOH phase and the PA-NH2 dispersed phase.  
The viscosity of PA-NH2 is very low compared to PS-COOH matrix phase. Thus, it can easily 
disperse as a minor phase in PS-COOH. The PA particle size is very small in PS-COOH/PA-
NH2 blends (300  500 nm, Figure 5.1 b). However, no significant changes could be observed 
when the blends were prepared in the presence of CA3 or PMHS, except PMHS seems to 
form an own phase with big domains (big particles in Figure 5.1 d). Though, the coupling 
agent can react with blend components, no influence on the morphology could be observed. 
The situation is similar in the presence of pure PMHS, which does not contain any 
complementary reactive sites to the blend components, but it contains Si-H groups for any 
interfacial modification in the blends. Some reports reveal that Si-H groups have favorable 
interactions towards acid and amine groups.107 Silicon-oxygen and silicon-nitrogen substances 
can be formed through the cleavage of silicon-hydrogen bond by amino and acidic 
nucleophilic reagents in the presence of metallic salts. However, 1H NMR analysis revealed 
that there are no significant changes in the end group concentration of PS-COOH and PA-NH2 
when PS-COOH/PMHS and PA-NH2/PMHS were blended in 75/25 wt% composition.  
PMHS is incompatible with both blend components and forms large particles (Figure 5.1 e 
and f). Therefore, we assume that the large particles in Figure 5.1 d are caused by phase 
separated PMHS. When comparing Figures e and f it seems that the PMHS phase is better 
compatible with PS-COOH than with PA-NH2. 
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a)  b)  
c)  d)  
e)  f)  
 
Figure 5.1 SEM of PS-COOH/PA-NH2 blends of etched surfaces; a) n-PS/PA-NH2, 84/16 
(wt%); b) PA-NH2/PS-COOH, 84/16 (wt%); c) PS-COOH/PA-NH2/CA3, 84/15/5 (wt%);  d) 
PS-COOH/PA-NH2/PMHS, 84/15/5 (wt%); e) PS-COOH/PMHS, 75/25 (wt%); f) PA-
NH2/PMHS, 75/25 (wt%). (a to d are TFA etched surfaces and frame size 13x10 µm; e and f 
are n-hexane etched surfaces and frame size 61x46 µm) 
 
Since Pt catalyst was added sometimes to the blends for enhancing the crosslinking of SCA 
(or the catalyst added for the SCA syntheses not completely removed) it was necessary to 
perform some elementary studies on the influence of the Pt catalyst on the morphology of 
PMHS containing mixtures (Figure 5.2). Pt seems to have a compatibilizing effect in reactive 
polymer/PMHS mixtures. PS-COOH/PMHS/Pt blend does not show any extractable particles 
when etched in n-hexane (Figure 5.2 a compared to Figure 5.1 e). The PMHS may crosslinked 
in the presence of the catalyst and is dispersed in a somewhat smaller scale than the non-
crosslinked PMHS. A more pronounced effect is observed in the PA-NH2/PMHS/Pt blend 
with a much finer PMHS distribution than in the Pt-free system (Figure 5.2 b compared to 
Crosslinkable Interphases in Polymer Blends 
 
 
 
 
 
77 
 
Figure 5.1 f). 1H NMR analysis resulted that the amount of end group concentration of PA-
NH2 was significantly reduced, certainly caused by a reaction with Si-H. It was not possible to 
determine a reduction of the end group concentration of PS-COOH due to the higher 
molecular weight (low end group concentration) and possibly lower reactivity. 
 
a)  b)  
 c)  d)  
 e)  f)  
 
Figure 5.2 SEM of PS-COOH/PA-NH2/PMHS in dependence on mixing mechanism; a) PS-
COOH/PMHS/Pt, b) PA-NH2/PMHS/Pt; c) PS-COOH/PA-NH2/PMHS/Pt, one-step mixing; 
d) PS-COOH/PA-NH2/PMHS, two-step mixing; e) like d with Pt; f) PS-COOH/PA-NH2. 
(frame size 61x46 µm, a and b n-hexane etched surfaces, c to f TFA etched surfaces).  
 
In PS-COOH/PA-NH2/PMHS/Pt blends PA forms very big domains (1 to 5 µm) with broad 
size distribution (Figure 5.2 c compared to Figure 5.1 d), indicating that compatibilization 
might be hindered due to the crosslinked PMHS in the presence of Pt (20 µL, in all cases 
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where it is mentioned). The activated Si-H groups may undergo crosslinking reactions 
according to Scheme 5.2 rather than reacting with nucleophilic reagents under the used 
conditions. However, when the PS-COOH/PA-NH2/PMHS/Pt blends were prepared by two-
step mixing mechanism (PA/PMHS in 1st step, and PA/PMHS+ PS in 2nd step, Figure 5.2 d 
and e) it shows compatibilizing effect and the morphology is similar to pure PS-COOH/PA-
NH2 blend (Figure 5.2 f), but with a few large particles (Figure 5.2 d) which may be caused 
by viscosity changes during mixing. 
 
5.3.1.2 Model Coupling Reactions with SCA3 
 
In order to prove the selective reactivity of the coupling agent SCA3 has been melt mixed 
with the individual blend components in a about stoichiometric composition with respect to 
the functionality of PA-NH2/SCA3 = 75/25 (wt%) and PS-COOH/SCA3 = 95/5 (wt%). Figure 
5.3 shows the 1H NMR spectra of the reaction product of PA and SCA3 (c, the spectra a is 
SCA3, and b is PA-NH2) with the proposed chemical structure.  The reduced signal intensity 
at 3.2 ppm (methylene protons neighbored to the amine end group) and the appearance of 
strong signals of oxazoline groups bounded next to the reacted oxazinone group (a and b) 
indicate that a reaction of the amino group occurred with the complementary oxazinone 
group. The decrease of Si-H (5.0 and 4.7 ppm) group concentration may be a hint for the 
crosslinkability of the polysiloxane coupling agents during melt mixing. This may be caused 
by traces of moisture and the high temperatures (Scheme 5.2). Otherwise, the residual virgin 
oxazoline signals (a and b) in the spectrum of Figure 5.3 c indicate that the amino group of the 
PA-NH2 are not consumed completely by the oxazinone reaction.  A reaction of the Si-H 
groups with the amino groups as discussed in Chapter 3 might contribute to the decrease in 
the Si-H content and can explain the incomplete consumption of the oxazinone units. The 
oxazoline groups are stable under these conditions. The coupling reaction of the oxazoline 
functional groups and carboxylic acid groups of PS-COOH in the melt has also been tried. But 
a direct proof was not possible, due to the higher molecular weight of PS-COOH and, 
therefore, the small amount of COOH groups and due to the overlapping of the peaks of the 
virgin components and the reaction product. However, in earlier work the selectivity of the 
oxazoline-carboxylic acid reaction (and also of the oxazinone-amine reaction) was proven.47 
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Figure 5.3 1H NMR spectra of PA-NH2 (a), SCA3 (b), and its coupling product (c) (measured 
in TFA-d1, signals c and c could be assigned to the methylene protons, -CH2O-Ar, of SCA3). 
 
 
5.3.1.3 Blends Morphology  
 
Atomic force microscopy (AFM) studies show that the SCA are immiscible with PA-NH2 and 
PS-COOH and form an own phase and it is dispersed as large particles both in PS (here also 
small particles are visible) and PA in the size of ca. 1 µm (Figure 5.4 a and b). Such big SCA3 
particles are not detectable in the PS-COOH/PA-NH2 blend, neither in one-step nor two-step 
mixing (Figure 5.4, c and d). The soft SCA3, appearing dark in the phase contrast mode (right 
pictures), can be detected as small particles in the PS-COOH matrix (up to 200 nm size), 
within the PA particles in ca. 10 nm scale (smeared due to cutting, the detection of SCA3 in 
PA phase is complicated due to the overlapping with the partial crystalline structure of the 
PA) and also at the interface between PS and PA. In any of the cases either one-step or two-
step mixing method at least a partial location of the SCA3 at the interface is possible. 
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Scanning electron microscopy (SEM) reveals that PA always forms as a dispersed phase in 
PS-COOH/PA-NH2 blends. The particle size is very small (300 – 500 nm, Figure 5.5 a) in PS-
COOH/PA-NH2 blends due to favorable interactions. The addition of SCA3 (Figure 5.5 b) 
result in a significant increase of the PA dispersed particle size with very broad size 
distribution (0.3 – 3 µm). The bulky functional group of the SCA may hinder interactions 
between the complementary carboxylic acid and amine group of the blended polymers. The 
rheological conditions in the blend components might also have changed due to the addition 
of SCA and their reactions with the blend components. The influence of SCA on the 
rheological properties will be discussed in further sections. The low viscous SCA3 may even 
hamper the load transmission from the matrix to the dispersed phase in the shear field during 
melt mixing.  
When the SCA3 is premixed with the PA-NH2, which enables the reaction between the 
appropriate functional groups of the components, and then PS-COOH is added (2-step mixing, 
Figure 5.5 d) the morphology is finer than in the one-step process.  
The addition of Pt catalyst (20 µL, in all cases where it is mentioned), which favors the 
crosslinking of the hydrosilane units according to Scheme 5.2, results in finer blend structures 
as well in the one-step process (Figure 5.5 c compared to Figure 5.5 b) and in the two-step 
process (Figure 5.5 e compared to Figure 5.5 d). The platinum catalyst was added in the 
second step. The increased crosslinking density seems to favor a fine distribution of the PA 
dispersed phase. However, still larger domains are visible probably caused by the SCA3. 
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Scheme 5.2 Crosslinking reactions of hydrosilane during processing 
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a)    
b)  
c)  
d)  
Figure 5.4 AFM analysis of (a) PS-COOH/SCA3 = 75/25 (wt%), (b) PA-NH2/SCA3 = 75/25 
(wt%), (c) PS-COOH/ PA-NH2/SCA3 = 80/15/5 (wt%), 1-step, (d) PS-COOH/PA-NH2/SCA3 
= 80/15/5 (wt%), 2-step. (frame size 10x10 µmm from a to c, 4x4 µm for d; left: height 
profile, right: phase contrast). 
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a)       
b)  c)       
d)  e)      
 
Figure 5.5 SEM of PS-COOH/PA-NH2/SCA blends in dependence on the processing 
conditions; a) PS-COOH/PA-NH2, 84/16, etched cut; b) PS-COOH/PA-NH2/SCA3, one-step 
mixing; c) like b with Pt; d) PA-NH2/PS-COOH/SCA3, two-step mixing; e) like d with Pt. 
(frame size 13x10 µm). 
 
It may arises the question why not the SCA was mixed with PS-COOH phase in the first step 
and then with PA-NH2 phase in the second step? It was shown that PMHS is better compatible 
with PS-COOH and fully incompatible with PA-NH2 as discussed in earlier sections (5.3.1.1) 
and also it has been shown that SCA3 forms big domains in PA phase which means that there 
is a rather small interfacial area where the reaction can occur.  So, it was thought that SCA3 
should react first with PA-NH2 phase for coupling PA onto the SCA and then the PA-
NH2/SCA blend should be mixed with PS-COOH. Due to the better compatibility the SCA 
will move to the PS-COOH phase where it will react forming PA plus PS-COOH grafted 
structures which will locate at the interface and improve the interfacial adhesion of the blends. 
Crosslinkable Interphases in Polymer Blends 
 
 
 
 
 
83 
 
Otherwise, it is interesting to see how the blend morphology develops when SCA3 was mixed 
with PS-COOH phase in the first step and then mixed with PA. The differences in 
morphology are shown in Figure 5.6. In both blends finely dispersed particles are present but 
in Figure 5.6 a more large particles are visible than in Figure 5.6 b. This might be explained in 
terms of viscosity changes. When SCA3 was mixed with PA phase in the first step the 
viscosity will be increased due to the reactivity of both components and the crosslinking 
ability of SCA3. The higher viscous material is harder to disperse in the PS-COOH matrix and 
therefore some big particles are formed. In contrast, when SCA3 was mixed with PS-COOH 
phase in a first step the increases in viscosity of PS-COOH does not influence or even 
improve the dispersibility of PA phase.  
 
a)  b)  
Figure 5.6 SEM of PS-COOH/PA-NH2/SCA3 in dependence on two-step mixing mechanism; 
a) PA-NH2/SCA3/PS-COOH, b) PS-COOH/SCA3/PA-NH2. (frame size 61x46 µm). 
 
The coarse morphology of the PS-COOH/PA-NH2 blends in the presence of SCA3 in one-step 
mixing compared to the pure PS-COOH/PA-NH2 blend may be caused by insufficient mixing 
to reach adequate grafting degrees. Therefore, the effect of mixing time on the blend 
morphology was studied. It is hard to detect the influence of the mixing time in pure PS-
COOH/PA-NH2 blends since they exhibit fine morphologies already after short times (Figure 
5.7 a compared to 5.5 a, consider the different scaling). In presence of SCA3 the distribution 
of the PA and SCA3 in the blend is improved after 30 min. mixing time (Fig. 5.7 b) compared 
to 10 min. mixing (Fig. 5.5 b). However, some big particles are still visible even after longer 
mixing times.  
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 a)  b)  
Figure 5.7 SEM of PS-COOH/PA-NH2 blends with longer mixing times 30 min; a) PS-
COOH/PA-NH2, b) PS-COOH/PA-NH2/SCA3, one-step mixing. (frame size 15x11 µm). 
 
 a)  b)  
 c)  d)  
e)        f)  
 
Figure 5.8 SEM of PS-COOH/PA-NH2/SCA blends; a) PS-COOH/PA-NH2/SCA1+SCA2, 
one-step mixing; b) like a with Pt; c) like a, three-step mixing; d) like c with Pt; e) PS-
COOH/PA-NH2/SCA4, two-step mixing; f) like e with Pt. (frame size 13x10 µm). 
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 a)  b) 
membrane
 
 c)  d)  
 e)   f)  
 
Figure 5.9 SEM of separated PA particles on PTFE membrane filter paper; a) PS-COOH/PA-
NH2; b) PS-COOH/PA-NH2/SCA3, one-step mixing; c) like b with Pt; d) like b, 2-step 
mixing; e) PS-COOH/PA-NH2/SCA1+SCA2/Pt, one-step mixing; f) PS-COOH/PA-
NH2/SCA4, two-step mixing. (frame size 13x10 µm) 
 
Even if a mixture of SCA1 and SCA2 is used for the blend modification, PS-COOH/PA-NH2 
blends exhibit a rather fine morphology but only when Pt is added (Figure 5.4 b and d) 
independent from the mixing mechanism. In the absence of Pt catalyst the blends exhibit 
rather coarse morphologies after one-step as well as after three-step mixing (PA-NH2/SCA1 
(i) 1st step, PS-COOH/SCA2 (ii) 2nd step, (i) + (ii) 3rd step). The Pt-catalyzed crosslinking may 
enable the coupling between SCA1 and SCA2, which are chemically bound to the PA-NH2 or 
PS-COOH phases, respectively. Thus the adhesion between both blend components is 
enhanced and a better dispersion during the melt mixing is possible. When the partially pre-
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crosslinked coupling agent, SCA4, was used a very fine distribution of the PA-NH2 phase is 
observed (Figure 5.8 e), indicating similar good adhesion between both polymers. An 
increased crosslinking density due to the addition of Pt hardly influences the blend 
morphology (Figure 5.8 f). The pre-crosslinking and the additional crosslinking during 
processing seem to be sufficient for good interfacial adhesion even in the absence of Pt 
catalyst. 
The dispersed PA particles of PS-COOH/PA-NH2 blends with and without SCA, independent 
from the mixing methods, dissolved in toluene and the particles were filtered off using PTFE 
membrane filter paper (0.2 µm). The separated PA particles on membrane were analyzed by 
SEM (Figure 5.9). The structure of the membrane can also be seen in the SEM pictures. In 
PS-COOH/PA-NH2 blends, PA forms homogeneous sized spherical particles (Figure 5.9 a). In 
the presence of SCA3, PA formed big particles in one-step mixing method and the particles 
are to a large content anisotropically shaped (Figure 5.9 b), a clear sign for non-equilibrium 
states. In contrast, in the presence of platinum catalyst as well as in two-step mixing method a 
fine and homogeneous dispersion of PA particles in size of ca. 150  300 nm is observed 
(Figure 5.9 c and d). Similar particle size distributions with SCA1 + SCA2 + Pt, and SCA4 
could be detected (Figure 5.9 e and f). 
 
5.3.1.4 Rheological Properties of PS-COOH/PA-NH2 Blends  
 
The morphology of immiscible polymer blends is closely related to their rheology. Therefore, 
it was interesting to study melt rheological properties of the above specified blends in order to 
detect the effect of interfacial crosslinking of immiscible polymer blends on their rheological 
behavior.  PS-COOH has a much higher melt viscosity at 200°C as compared to PA-NH2 
which is very low viscous (Figure 5.10). Thus, dispersion of PA (as a minor phase) in PS 
matrix phase should be easily possible and fine dispersions can be expected. The blend in 
84/16 wt% of both has a higher viscosity than the components which is an indication of a 
reaction or strong interactions between both reactive polymers. The fine dispersed phase 
structure with its large interfacial area might induce an additional contribution to the increased 
melt viscosity. The viscosity curves show a Newtonian plateau at low frequencies. Thus, zero 
shear viscosities can be extrapolated which are about 50 Pas for PS-COOH, 5 Pas for PA-
NH2, and 72 Pas for the PS-COOH/PA-NH2 reactive blend at 200°C. 
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The addition of coupling agent SCA3 (5 wt%) to PS-COOH phase leads to an increase in melt 
viscosity (Figure 5.11 a). The increase of complex viscosity by decreasing the frequency is 
more pronounced in the mixture. Adding 25 wt% of siloxane coupling agent (SCA3) to PS-
COOH shows a much higher effect on the increasing viscosity. The strong linear increase of 
viscosity with decreasing frequency indicates a significant change in the structure with the 
existence of a crosslinked network as a result of SCA3 addition. The increase in the storage 
modulus G is seen in both mixtures as compared to PS (Figure 5.11 b).  However, in case of 
PS-COOH/SCA3 in 75/25 (wt%) a sign of crosslinking can be observed by the reduced slope 
of G vs. frequency. Similar effects can be observed by adding 25 wt% of SCA3 to PA phase 
(Figure 5.11). An increase in viscosity is accompanied by a change in the shape of the 
viscosity curve and the viscosity increase by lowering the frequency is indicative for the 
existence of a crosslinked phase. G is increased significantly and its slope vs. frequency is 
slightly reduced as compared to PA. 
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Figure 5.10 Melt viscosity vs. frequency of PS-COOH/PA-NH2 blends and its components at 
200°C. 
 
Figure 5.12 as compared to the reactive PS-COOH/PA-NH2 blend (Figure 5.10), the addition 
of SCA3 in one-step mixing leads to a changed shape of the viscosity curve (Figure 5.12 a). 
The viscosity decreases with frequency; higher viscosity values at low frequencies and lower 
values at high frequency as compared to the PS-COOH/PA-NH2 blend are observed. Platinum 
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catalyst enhances this effect slightly. This and enhanced melt elasticity (G) in the blends with 
SCA3 indicate some crosslinking in the blend phases.  
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Figure 5.11 Complex viscosity (a) and storage modulus (G, b) versus frequency for PS-
COOH/PA-NH2 blends in the presence of SCA. 
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Figure 5.12 Complex viscosity (a) and storage modulus (G, b) versus frequency for PS-
COOH/PA-NH2/SCA blends in dependence on mixing mechanism. 
 
After applying the two-step mixing method in PS-COOH/PA-NH2/SCA blends, big 
differences are observable in the viscosity behavior between the mixing without and with 
platinum catalyst (Figure 5.12). In the absence of platinum higher viscosity values than in the 
PS-COOH/PA-NH2 blend are observed which would indicate higher interfacial interactions 
between the phases, thus, either smaller particles or higher interfacial adhesion can be 
obtained. In contrast, in the presence of platinum the viscosity values are very similar to that 
of the blend without coupling agent. This would be, on one hand, in agreement with the 
similar fine distribution of the PA-NH2 in PS-COOH in both blends, but, on the other hand, in 
contrast to the platinum induced crosslinking and enhanced melt viscosities. The large 
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particles (visible as big particles after etching) formed during two-step mixing may explain 
the lowering of the viscosity of the blend due to the addition of Pt catalyst (Figure 5.12). 
Possibly the diffusion of the highly crosslinked SCA phase to the interface and its fine 
distribution in the blend is hampered due to the first mixing step with PA-NH2. Therefore, the 
viscosity of the PS matrix phase, which determines mainly the viscosity of the whole blend, is 
less influenced. Otherwise, also the blends prepared without Pt contain such big particles to an 
even higher degree, and their viscosity is higher as compared to pure blend. A conclusive 
explanation cannot be given yet. 
Adding SCA4 coupling agent in two-step mixing changes the shape of the viscosity curve and 
storage modulus curve most significantly, but no differences can be found between the mixing 
without or with platinum. SCA4 was pre-crosslinked during the isolation of the product. The 
increase in viscosity with decreasing frequency is most pronounced in SCA4 containing 
blends indicating a network like (crosslinked) blend structure. G shows the flattest curve of 
this set of samples, which means the highest elasticity, which is in accordance with the 
highest amount of crosslinked species.  
 
5.3.1.5 Thermal Analysis of PS-COOH/PA-NH2 Blends  
 
It was also interesting to study the thermal behavior of the blends with SCA. Changes in the 
crystallinity of PA-NH2 could be proven in the blends. The crystallinity of PA in the blends 
was calculated using the transition enthalpy (heating scans) related to the PA content and by 
using the value for 100% crystalline PA, ∆Hm° = 48.4 kJ/Mol (245.7 J/g).108  
Table 5.1 shows a summary of PA crystallinities in PS-COOH/PA-NH2 blends. α At RT is the 
crystallinity at room temperature. During heating a cold crystallization takes place and then 
we have α max., the maximum possible crystallinity under the used conditions. With SCA3 
the PA degree of crystallinity is increased, indicating that the coupling agent may have a 
nucleating effect due to favorable interactions between the components.   
No remarkable changes in the degree of crystallinity of PS-COOH/PA-NH2 blends were 
observed. However, PS-COOH/PA-NH2/SCA3 blends in dependent on the mechanism and 
with and without platinum show slightly various degrees of crystallinity of PA phase (Figure 
5.14). However, the PA phase may not crystallize completely during the cooling scan.109 
Below the Tg of PS the crystallization of the PA seems to be hindered and in the second heat 
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near to the Tg or above a so called cold-crystallization process starts before the PA melting at 
further raising temperatures (Figure 5.13).  
 
Table 5.1 Thermal characteristics of PS-COOH/PA-NH2 blends with SCA3 and SCA4 
sample 
  
mode Tg 
(°C) 
Tm 
or 
Tc,m 
(°C) 
α 
(%) 
at 
RT 
α (%) 
max. 
1st heating 107    
2nd heating 105    
PS-COOH (pure) 
cooling 100    
1st heating n.d.    
2nd heating 103    
PS-COOH/SCA3, 95/5 wt% 
cooling n.d.    
1st heating n.d.    
2nd heating 99    
PS-COOH/SCA3, 75/25 wt% 
cooling n.d.    
1st heating   28  
2nd heating 43  28  
PA-NH2 (pure) 
cooling 47 150   
1st heating   - - 
2nd heating 43  32  
PA-NH2 /SCA3, 75/25 wt% 
cooling n.d. 146.4   
1st heating 44 
106 
 29 31 
2nd heating 44 
106 
 27 29 
PS-COOH/PA-NH2,  84/16 wt% 
cooling n.d. 85.1   
1st heating n.d.  24 28 
2nd heating 44 
106 
 23 25 
PS-COOH/PA-NH2/SCA3, 80/15/5 wt%, 1-
step mixing 
cooling n.d. 90.4 
130 
148 
  
1st heating n.d.  23 26 
2nd heating 44 
102 
 24 27 
PS-COOH/PA-NH2/SCA3/Pt, 80/15/5 wt%, 
1-step mixing 
cooling n.d. 87.1   
1st heating n.d.  24 26 
2nd heating 42 
105 
 21 23 
PS-COOH/PA-NH2/SCA3, 80/15/5 wt%, 2-
step mixing 
cooling n.d. 84.1   
PS-COOH/PA-NH2 /SCA3/Pt, 80/15/5 wt%, 1st heating n.d.  27 29 
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2nd heating 44 
104 
 26 28 2-step mixing 
cooling n.d. 74.1   
1st heating n.d.  26 29 
2nd heating 105  26 28 
PS-COOH/PA-NH2/SCA4, 80/15/5 wt%, 2-
step mixing 
cooling n.d. 84.1   
1st heating n.d.  26 28 
2nd heating 106  27 29 
PS-COOH/PA-NH2/SCA4/Pt, 80/15/5 wt%, 
2-step mixing 
cooling n.d. 83.5   
 n.d.: not determined 
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Figure 5.13 Thermal analysis of PS-COOH, PA-NH2 components and its blends with SCA. 
 
In the cooling run a change in crystallization temperature was detected. The PA phase did not 
crystallize in the region of bulk crystallization (150°C). But, the crystallization temperature 
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was found at 85°C. This high supercooling indicates a fine dispersed morphology of the PA 
particles in the PS matrix. The crystallization phenomenon is called fractionated 
crystallization. Such effects were also found for other blends where PA is finely dispersed, 
e.g. in compatibilized PP/PA6 blends.109 
The thermal behavior of the PS phase and the PA phase is shown in Figure 5.13. PS has a Tg 
of 105°C and PA 43°C. When SCA3 is added to the PS phase the glass transition temperature 
(Tg) is slightly shifted to lower temperatures with increasing SCA3 content (Figure 5.12, 
103°C for 5 wt% SCA3, 99°C for 25 wt% SCA3). Similar behavior can also be found in PS-
COOH/PA-NH2 blends. This indicates favorable interactions between SCA and PS-COOH, as 
it was assumed already from the morphology studies. In contrast, the Tg of PA is not 
influenced by SCA3, even if chemical reactions occur between the components, as well in 
mixtures with pure PA-NH2 as well as in the PS-COOH/PA-NH2 blends. The compatibility 
between SCA and PA-NH2 is poor. However, the crystallization of PA in presence of SCA3 is 
shifted to lower temperatures (146°C). That means the crystallization of PA-NH2 is slightly 
retarded due to the reactivity towards SCA3.  
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Figure 5.14 Thermal crystallization behavior of PA-NH2 in PS-COOH/PA-NH2 blends in the 
presence of SCA. 
 
In the blends with SCA3 and SCA4 the behavior is similar to the pure blends concerning the 
glass transition, the melting, and the crystallization behavior (Figure 5.13). The blend of PS-
COOH/PA-NH2/SCA3 in one-step mixing method show different crystallization behavior. A 
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small part of PA crystallizes at the temperature of the bulk crystallization (148°C), a second 
part at 130°C and a third part at 90°C (Figure 5.14). This stepwise crystallization of the finely 
dispersed phase is called fractionated crystallization. From this behavior, it can be expected 
the PA phase may have different particle size beside fine dispersed particles either 
agglomerates or particles with an increased diameter. However, in the presence of platinum 
catalyst the crystallization temperature shifted to slightly higher temperatures (85°C to 87°C) 
compare to the pure PS-COOH/PA-NH2 blend, indicating the PA dispersed particle size is 
slightly larger than in pure PS-COOH/PA-NH2 blend.  
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Figure 5.15 Thermal analysis of PS-COOH/PA-NH2/SCA blends in dependence on the mixing 
mechanism. 
 
In two-step mixing with SCA3, the crystallization temperature lowers to 84°C which is 
similar to the pure PS-COOH/PA-NH2 blend obviously indicating a rather fine dispersion of 
PA particles as like as in pure blend. With Pt catalyst the blend shows lower crystallization 
temperature (74°C) than without platinum. This may mean that the platinum catalyst show 
significant influences on the PA particle size distribution of PS-COOH/PA-NH2/SCA3 blend. 
When the pre-crosslinked coupling agent SCA4 was used in PS-COOH/PA-NH2 blends, the 
crystallization behavior (84°C) was also similar to pure PS-COOH/PA-NH2 blends. This 
indicates a fine dispersion of PA phase like in pure blend. In the presence of platinum it did 
not show much influence on the crystallization behavior. However, the shifted crystallization 
temperatures of PA phase to lower temperatures in the presence of SCA indicates a fine 
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dispersed PA particles in the PS-COOH matrix. The results can be correlated with 
morphological and rheological studies.  
 
5.3.1.6 Further Attempts to the Proof of Crosslinked Interfaces 
5.3.1.6.1 EDX Measurements  
 
So far, the crosslinking ability of SCA and the location of the crosslinked SCA at the interface 
could be indirectly proven in PS-COOH/PA-NH2 model blend system in terms of 
morphology, rheology, and thermal behavior. EDX (Energy Dispersive X-ray Analysis) may 
be a suitable method to detect the location of the Si-rich phase in the blends directly. 
From the above studies the PS-COOH/PA-NH2/SCA3 blend prepared by two-step mixing has 
been chosen for EDX studies. In brief EDX is a technique in which a high energy electron 
beam strikes onto a substrate and activates the electrons of the present elements to higher 
energy levels. When the activated electrons jump back to the lower orbital, the energy release 
is due to emission of X-rays irradiation, which energy is characteristic for each element. 
However, elements of low atomic number are difficult to detect by EDX. Figure 5.16 shows 
the images of EDX for PS-COOH/PA-NH2/SCA3 blend. It is impossible to identify the 
location of the SCA3 at the interface due to the poor lateral resolution of the method. The 
electron beam penetrates about 2 µm of the material, a size which is much bigger than the 
expected interfacial thickness. Carbon and oxygen are homogeneously distributed over the 
whole sample. The changes in their intensity are due to the cut structure (compare to the 
secondary electron (SE) images). Silica is more or less intensively detectable over the whole 
sample but areas with increased Si-content in the size up to 10 µm are visible, much bigger 
than the structures observed by SEM and AFM. Overall, the method was not suitable for our 
purpose. 
 
  
C O Si 
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SE-image SE-C SE-Si 
  
SE superpositioned with 
C-O-Si 
C-O-Si C-Si 
 
Figure 5.16 EDX images of PS-COOH/PA-NH2/SCA3 blend of two-step mixing (frame size 
121x83µm). 
 
 
5.3.1.6.2 Extraction of Blend Components 
 
It is rather difficult to find a suitable solvent for a selective extraction of SCA. When toluene 
was used to etch the PS matrix phase the SCA (non-crosslinked) is also dissolved under the 
same conditions. It is the same situation with TFA which is used to dissolve PA phase. 
However, TFA also dissolves the crosslinked SCA as discussed in Chapter 3. Therefore, it is 
not possible to separate the SCA phase from the other blend components and to prove the 
crosslinked and grafted structures with these solvents. 
Treating the three-component blend with hot acetone (~50°C) a two phase system is formed; a 
cloudy PS containing solution and a precipitated PA phase. Both could be separated by 
decantation. The sticking solid was extracted 8 times with acetone under stirring. After 
evaporating the solvent and drying, both phases, the PS-rich and PA-rich, contained partly the 
other polymer as well as traces of the SCA3, proven by FTIR analysis using the golden gate 
ATR crystals. The FTIR spectra reveal that PS phase contains partly PA phase with traces of 
siloxane and vice versa. This is a hint for grafting between the phases but a crosslinking could 
not be proven. The separated phases were completely soluble in the respective solvents 
including toluene (PS-rich phase) or TFA and hexafluoroisopropanol (PA-rich phase).  
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However, the blends of PS-COOH/SCA3 (75/25 wt%) and PA-NH2/SCA3 (75/25 wt%) 
appear turbid in toluene and hexafluoroisopropanol, respectively. In contrast, the PA-
NH2/SCA3 shows a clear solution in TFA. The turbidity of the solution is very strong in PA-
NH2/SCA3 blend and also significant (but hardly to see in the photograph) in the PS-
COOH/SCA3 blend (Figure 5.17). Even if a quantification of the solid content of the 
emulsions was not possible, it seems that the SCA crosslinking is stronger in PA, which may 
be the reason for the formation of the big particles in the PS-COOH/PA-NH2/SCA3 blend 
prepared by two-step mixing method.  
 
 
 
Figure 5.17 PS-COOH/SCA3 dissolved in toluene (left); PA-NH2/SCA3 dissolved in 
hexafluoroisopropanol (right, 50 mg / 2 mL). 
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5.3.2 PS-COOH/H2N-PMMA Blends 
 
The concept of creating crosslinked interphases can be extended to other useful blend 
systems, for instance PS/PMMA, in which the chemical changes may be more easily 
detectable. Carboxylic acid terminated polystyrene (PS-COOH, Mn = 40000, PD = 1.1, f 
∼ 0.6), and amine terminated poly(methyl methacrylate) with various molecular weights 
(H2N-PMMA1, Mn = 3200, PD = 2.09, f = 1; H2N-PMMA2, Mn = 18600, PD = 2.55, f ∼ 
1; H2N-PMMA22, Mn = 14800, PD = 2.55, f = 1) were used. 
PS-COOH/H2N-PMMA1 blends were prepared by melt mixing at 180°C with 100 rpm 
for 10 min. in a stoichiometric ratio with respect to the functionality of PS-COOH/H2N-
PMMA1 = 93.4/6.6 (v%)  and PS-COOH/H2N-PMMA1/SCA3 = 90.9/6.4/2.7 (v%). 
However, the blend PS-COOH/H2N-PMMA1/SCA4 = 90.9/6.4/2.7 (v%) was slightly 
above the stoichiometric ratio.  
PS-COOH/H2N-PMMA2 blends were prepared with various compositions at different 
temperatures including 180°C, 190°C, and 200°C with 100 rpm for 10 min. due to 
viscosity changes during mixing in dependence on the H2N-PMMA2 volume content. PS-
COOH/H2N-PMMA2 80/20 v% with 1.5 v% of SCA3 blends are in a stoichiometric ratio 
with respect to the functionality of blend components and all other compositions are 
above stoichiometric ratio. However, for a systematic study PS-COOH/H2N-PMMA22 
(with 3 v% of SCA3) blends were prepared with various compositions at identical mixing 
conditions of 200°C with 100 rpm for 10 min. 
Its hard to find good etching conditions for selective dissolution of PMMA, which forms 
in the given composition always the dispersed phase. Both polymers PS and PMMA have 
similar dissolution behavior. When the cuts of the extruded strands were etched in acetic 
acid for 4 days at 60°C followed by the literature110 to dissolve PMMA phase the 
originally flat cut became convex. The SEM analysis of the etched cuts revealed 
sometimes the expected particle-matrix morphology but in other cases non-
understandable structures. Therefore, the efforts were turned towards trifluoroacetic acid 
(TFA) as solvent for PMMA and non-solvent for PS phases.  
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5.3.2.1 Blends Morphology 
 
a)      b)  
c)      d)  
e)      f)  
Figure 5.18 SEM of a) PS-COOH/H2N-PMMA1, 93.4/6.6; b) PS-COOH/H2N-
PMMA1/SCA3, 90.9/6.4/2.7, one-step; c) like b, two-step; d) like c with Pt; e) PS-
COOH/H2N-PMMA1/SCA4, 90.9/6.4/2.7, two-step; f) like e with Pt. (frame size 11x8 
µm). 
 
Figure 5.18 shows SEM analysis on TFA etched surfaces of PS-COOH/H2N-PMMA1 
blends. In the pure blend only a few PMMA dispersed particles are visible with a particle 
size of 100 nm (Figure 5.18 a). It seems that the etching of the sample is not enough 
which may be caused by good compatibility of the blend. However, with the addition of 
coupling agents SCA3 and SCA4 in one-step and two-step mixing (H2N-PMMA/SCA + 
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PS-COOH) methods (Figure 5.18 b to f) the blends show many particles almost with 
same size as of pure blend including some big particles. The big particles with a size of 
300 nm to 500 nm may probably caused by viscosity changes of the blends in the 
presence of SCA. Thus, under the used conditions its not possible to detect the real 
effect of coupling agent on the blend morphology.  
In blends containing the higher molecular weight H2N-PMMA2 the PMMA phase should 
form larger particles due to its higher viscosity, which hampers its dispersibility and 
higher PMMA content, which favors coalescence during melt mixing. Therefore, effects 
of the SCA3 on the morphology should be more easily detectable. At first, it was 
interesting to see the effect of mixing time on the blend morphology. Figure 5.19 shows 
the morphology of blends with and without coupling agent after various times of mixing. 
The blends show similar morphology with 50  200 nm of the PMMA dispersed particle 
size with and without SCA3 under various mixing times 5 min., 10 min., and 30 min. 
Larger particles (0.5 - 1 µm) are also be observed in all cases may be caused by high 
viscosity changes of the blends during mixing.  
After 10 min. all blends show a similar dispersion of the PMMA particles in the size of 
50  200 nm which is not improved by higher mixing times. In SCA3 containing blends 
in addition larger particles (0.5 - 1 µm) are also observed which do not disappear even 
after 30 min. of mixing (Figure 5.19 e and h). The large particles are probably caused by 
viscosity changes due to the SCA3 reactivity and crosslinkability (see Section 5.3.1.3). A 
mixing time of 10 min. has been taken as ideal since no significant differences could be 
observed with different mixing times.  
To obtain more coarse morphologies or even phase inversion blends were prepared by 
increasing PMMA2 content, beyond the stoichiometric ratio of the PS-COOH and H2N-
PMMA2 blend components. This should allow a more easy detection of the effect of 
coupling agents (the SCA3 content was raised to 3 v% compared to 1.5 v% in the 
stoichiometric blend) on the morphology of the blends. When the PMMA content is 
increased the blends had to be prepared at slightly higher temperatures in order to reduce 
the load (≥ 4000 N).  
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a)      b)   
c)    d)  
e)    f)  
g)    h)   
 
Figure 5.19 SEM of a) PS-COOH/H2N-PMMA2, 80/20, 5 min.; b) a after 10 min.; c) PS-
COOH/H2N-PMMA2/SCA3, 80/20/1.5, 5 min.; d) c after 10 min.; e) c after 30 min.; f) 
like c with Pt, 5min.; g) f after 10 min.; h) f after 30 min. (frame size 61x46 µm). 
 
 
5 min. 10 min.
10 min.
10 min.
5 min.
5 min.30 min.
30 min.
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a)   
b)    c)   
d)   
e)    f)   
PS-COOH/H2N-PMMA2, 80/20 v%
SCA3, 3 v% SCA3 + Pt
PS-COOH/H2N-PMMA2, 60/40 v%
SCA3, 3 v% SCA3 + Pt
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         g)   
 h)    i)   
                  j)   
  k)      l)   
Figure 5.20 SEM of a) PS-COOH/H2N-PMMA2, 80/20, 180°C; b) like a with SCA3; c) 
like b with Pt; d) PS-COOH/H2N-PMMA2, 60/40, 180°C; e) like d with SCA3 ; f) like e 
with Pt; g) PS-COOH/H2N-PMMA2, 50/50, 190°C; h) like a with SCA3; i) like h with 
Pt; j) PS-COOH/H2N-PMMA2, 40/60, 200°C; k) like j with SCA3; l) like k with Pt. (Pt = 
20 µL, SCA3 = 3 v%, frame size 61x46 µm). 
 
PS-COOH/H2N-PMMA2, 50/50 v%
SCA3, 3 v% SCA3 + Pt
PS-COOH/H2N-PMMA2, 40/60 v%
SCA3, 3 v% SCA3 + Pt
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Surprisingly, PMMA forms a dispersed phase with increasing content up to 60 v% and 
the dispersed particle size (<100 nm and up to 1.5 µm) became smaller when the content 
of PMMA is increased to 50 v% in the pure blends, but at 60 v% the particle size is 
slightly increased. Probably the favorable interactions between the functionalized PS and 
PMMA are stabilizing the blend by reducing the mobility of the chains at the interface 
and hindering coalescence. 
The influence of the SCA3 on the morphology is rather poor with one exception. At a 
content of 60 v% of PMMA the blend morphology is changed to a co-continuous 
structure in the presence of SCA3 (Figure 5.20 k), whereas without SCA3 the blend still 
exhibits particle-matrix morphology (Figure 5.20 j). When Pt catalyst is added to the PS-
COOH/H2N-PMMA2/SCA3 = 40/60/3 v% blend, the co-continuous structures are more 
pronounced (Figure 5.20 l). The crosslinking density of the SCA3 and also the reactivity 
of the Si-H groups to the functional sites will be increased by the active Pt addition 
favoring the development of co-continuous morphologies. Figure 5.21 shows the co-
continuous morphology of these two samples with higher magnification. The width of co-
continuous domain is about 60 - 130 nm with SCA3, whereas with the addition of Pt it is 
about 120 - 600 nm. The thermodynamic non-favorable state of the co-continuous 
morphology is stable even after 30 min. of mixing (Figure 5.22), a proof for the 
stabilizing effect of the SCA on the interface. 
 
a)      b)  
Figure 5.21 SEM of (a) PS-COOH/H2N-PMMA2/SCA3, 40/60/3 v%; (b) like a with Pt 
(Figure 5.20 k and l, in higher magnification, respectively, frame size 10x7 µm). 
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Figure 5.22 SEM of l in Figure 5.17 with longer mixing times, 30 min. (frame size 61x46 
µm). 
 
 
 a)  
b)  
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c)  
d)  
Figure 5.23 AFM analysis of (a) PS-COOH/SCA3, 95/5, 200°C; (b) H2N-
PMMA2/SCA3, 93/7, 220°C; (c) PS-COOH/H2N-PMMA2/SCA3, 40/60/3, 200°C; (d) 
PS-COOH/H2N-PMMA2/SCA3/Pt, 40/60/3, 200°C. (frame size 2x2 µm for a and c, 
10x10 µm for b and d). 
 
AFM studies showed that the SCA3 is immiscible with PS and PMMA and forms an own 
phase. The soft SCA3 appears dark in the phase contrast mode (right pictures). It can be 
detected as small particles in PS and PMMA phases with the size of ∼10 nm (Figure 5.23 
a and b). However, in the blends it appears at the interface of the co-continuous structures 
(Figure 5.23 c). With platinum catalyst (Figure 5.23 d) the co-continuity is pronounced 
and the SCA3 located inside the co-continuous PS and PMMA domains and also partially 
at the interface between both polymers.  
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The blend solution of PS-COOH/H2N-PMMA2/SCA3/Pt (40/60/3 v%) in toluene is 
slightly turbid and quantification of the insoluble part was not possible. Due to lack of 
PMMA2 it was not possible to prepare blends with higher content of SCA3 to prove the 
crosslinked structures by means of dissolution experiments. For this, higher molecular 
weight PMMA had to be synthesized a second time under analogous conditions which is 
termed H2N-PMMA22 (Mn = 14800, PD = 2.55, f = 1). For a systematic study, PS-
COOH/H2N-PMMA22 blends with various compositions were prepared under identical 
conditions of 200°C, 100 rpm, and 10 min. Figure 5.24 shows the SEM analysis on TFA 
etched surfaces of PS-COOH/H2N-PMMA22 blends. The dependencies of the 
morphology are similar to that of the H2N-PMMA2 containing blends, except that the 
average domain size is slightly coarse. The studies reveal that H2N-PMMA22 forms the 
dispersed phase until 70 v% of its content. At 80 % H2N-PMMA22 (independent of the 
addition of SCA3 and Pt catalyst) the screw speed during mixing had to be reduced to 60 
rpm due to the high melt viscosity and the strand decomposed during etching with TFA. 
Both facts show that at this concentration H2N-PMMA22 forms as matrix phase.   
The blends with PS-COOH/H2N-PMMA22 = 80/20 composition show a small dispersed 
PMMA phase with particles in the size of ca. 400 nm  and some large particles with ca. 1 
µm. No remarkable changes are observed in the presence of SCA3 or SCA3/Pt and with 
increasing the volume content of H2N-PMMA22 phase up to 50 %. However, at 40/60 
v% composition the blend exhibits co-continuous morphology without as well as with 
SCA3 and SCA3/Pt. Due to the slightly lower molecular weight of H2N-PMMA22 
compared to H2N-PMMA2 and therefore changed viscosity ratios, it may easily form co-
continuous structures even without SCA3. The pure blend with 30/70 v% (PS-
COOH/H2N-PMMA22) composition exhibits partly co-continuous structures, indicating 
phase inversion under these conditions. With SCA3 the blend shows co-continuous 
structures including some particles (Figure 5.24 q) and in the presence of Pt catalyst the 
blend exhibits co-continuous morphology (Figure 5.24 r) and the particles are not visible.  
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a)   
 
b)   c)  
 
 d)   
 
e)   f)  
 
PS-COOH/H2N-PMMA22, 80/20 v%
SCA3, 3 v% SCA3 + Pt
PS-COOH/H2N-PMMA22, 70/30 v%
SCA3, 3 v% SCA3 + Pt
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g)   
 
h)   i)   
 
        j)   
 
k)   l)  
 
PS-COOH/H2N-PMMA22, 60/40 v%
SCA3, 3 v% SCA3 + Pt
PS-COOH/H2N-PMMA22, 50/50 v% 
SCA3, 3 v% SCA3 + Pt
Crosslinkable Interphases in Polymer Blends 
 
110
          m)  
 
n)             o)  
 
 p)  
 
q)   r)  
 
Figure 5.24 SEM of a) PS-COOH/H2N-PMMA22, 80/20; b) like a with SCA3; c) like b 
with Pt; d) PS-COOH/H2N-PMMA22, 70/30; e) like d with SCA3 ; f) like e with Pt; g) 
PS-COOH/H2N-PMMA22, 60/40; h) like g with SCA3; i) like h with Pt; j) PS-
COOH/H2N-PMMA22, 50/50; k) like j with SCA3; l) like k with Pt; m) PS-COOH/H2N-
PMMA22, 40/60; n) like j with SCA3; o) like k with Pt; p) PS-COOH/H2N-PMMA22, 
PS-COOH/H2N-PMMA22, 40/60 v%
SCA3, 3 v%
PS-COOH/H2N-PMMA22, 30/70 v%
SCA3, 3 v% SCA3 + Pt
SCA3 + Pt
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30/70; q) like p with SCA3; r) like q with Pt (Pt = 20 µL, SCA3 = 3 %, frame size 61x46 
µm). 
 
a)  b) 
   
c)  d)  
 
Figure 5.25 SEM of a) PS-COOH/H2N-PMMA22, 30/70 v%; b) PS-COOH/H2N-
PMMA22/SCA3, 30/70/3 v%; c) like b, cyclohexane/toluene etched surface; d) like b 
with Pt (a, b, and d are TFA etched surfaces, frame size 10x7 µm). 
 
Figure 5.25 shows the SEM pictures of these co-continuous morphologies in higher 
magnification. Figure 5.25 c shows a clear co-continuous morphology characterized by 
irregular shaped particles. This sample was etched with cyclohexane/toluene (80/20 v/v) 
at room temperature as a solvent for PS and non-solvent for PMMA. The other samples 
could not be measured under identical etching conditions since the blends swell like a gel 
during etching and, even after intensive drying, it foams while sputtering with gold under 
vacuum. The results indicate the phase inversion of PS from PMMA. However, the co-
continuous morphologies in the blend of 30/70/3 v% (PS-COOH/H2N-PMMA22/SCA3) 
may indicate the formation of crosslinked structures during mixing followed by changing 
the viscosity ratios of the blends.  
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a)    b)  
 
c)    d)    
 
Figure 5.26 SEM of a) PS-COOH/H2N-PMMA22, 80/20; b) like a with 10 v% SCA3; c) 
PS-COOH/H2N-PMMA22, 60/40; d) like c with 10 v% SCA3 (frame size 61x46 µm). 
 
In order to prove the crosslinked structures blends were prepared with higher content (10 
v%) of SCA3 with a PS-COOH/H2N-PMMA22 composition of 80/20 as well as 40/60 
v%, where the blends exhibits particle-matrix and co-continuous morphologies, 
respectively. Despite the higher content of coupling agent no remarkable changes are 
observed in the dispersed PMMA phase particle size of PS-COOH/H2N-PMMA22/SCA3 
= 80/20/10 v% blends but more large domains are visible in both blends (80/20/10 and 
40/60/10 v%) (Figure 5.26), which may be caused by the higher viscous material formed 
due to crosslinking and grafting during processing, as it was discussed before for PS-
COOH/PA-NH2/SCA3 blends. The solution in toluene of the blend 80/20/10 v% shows 
turbidity (0.5 g/8 mL), the material in the composition 40/60/10 v% forms a gel. The gel 
content could be determined about 5 % (in the presence of platinum the gel content was 
ca. 10 %) after filtration with a PTFE membrane (pore size 0.2 µm). It was also possible 
to filter by using an ordinary filter paper, but PTFE membrane filter paper was used in 
order to quantify even the micro phase separated insoluble part. FTIR analysis (using 
Golden Gate ATR diamond crystal) of the insoluble part qualitatively showed the 
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presence of all blend components including PS, PMMA, and SCA3 (Figure 5.27). The 
bands at 1005 and 792 cm-1 correspond to Si-O-Si bonds, 1605  cm-1 is characteristic for 
the aromatic stretching band of PS and SCA3, and 1732 cm-1 characterizes the carbonyl 
ester group of PMMA. The Si-H groups (ca. 2160 cm-1) could not be detected, indicating 
its participation in crosslinking reaction through hydrolysis and condensation. However, 
the results from FTIR and dissolution experiments are not consistent quantitatively. This 
discrepancy may be caused due to the fractionation of the material during the work up 
process. 
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Figure 5.27 FTIR spectrum of insoluble part in toluene of PS/PMMA/SCA3 (40/60/10 
v%) blend. 
 
The insolubility of the blend is a clear evidence for crosslinked structures formed in the 
blends during mixing in the presence of SCA3. This proof was not possible in the case of 
PS-COOH/PA-NH2 blends since this blend system does not have a common solvent. 
 
5.3.2.2 Rheological Measurements 
 
The melt viscosity of PS-COOH and H2N-PMMA2 were measured at 200°C (Figure 
5.28). Under these conditions H2N-PMMA2 has much higher viscosity than PS-COOH. 
However, the viscosity of H2N-PMMA2/SCA3 (93/7 v%) is slightly increased at lower 
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frequencies and similar to the virgin component at higher frequencies compared to H2N-
PMMA2 (Figure 5.28).  This blend was prepared at 220°C with the screw speed of 100 
rpm for 10 min. due to increasing the load at 180°C  210°C.  In contrast, the blends of 
PS-COOH/H2N-PMMA2, with and without SCA3, were prepared at 200°C with 100 rpm 
for 10 min. Due to the increased viscosity at 220°C the mixing conditions of 200°C, 100 
rpm, and 10 min. were used for blend preparation.  
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Figure 5.28 Complex viscosity versus frequency for PS-COOH and H2N-PMMA2 
components. 
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Figure 5.29 Complex viscosity versus frequency for PS-COOH/H2N-PMMA2 blends 
with and without SCA3 at 200°C.  
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The blend of PS-COOH/H2N-PMMA2 (40/60 v%) has a higher viscosity at 200°C than 
its components indicating the favorable interactions between both reactive polymers 
(Figure 5.29). The viscosity curves do not reach a Newtonian plateau at lower 
frequencies. With SCA3 (3 v%) the viscosity is higher than that of the pure blend. In the 
presence of platinum catalyst lowers the melt viscosity of the SCA3 containing blend. A 
reduced viscosity in presence of Pt  was also observed for the PS-COOH/PA-NH2/SCA3 
blend (80/15/5 wt%, two-step mixing), where a fine particle-matrix morphology was 
detected, while in this system (PS-COOH/H2N-PMMA) a co-continuous morphology is 
visible which coarsens after the addition of platinum catalyst (Figure 5.29). 
 
5.3.2.3 DSC Measurements 
 
PS-COOH used in the PS-COOH/H2N-PMMA blends has a Tg of 102°C and the Tg of 
H2N-PMMA2 is 116°C. It was already discussed in Section 5.3.1.5 that the Tg of PS-
COOH is slightly lowered in presence of SCA3. In contrast,  the Tg of H2N-PMMA2 
slightly increases from 116°C to 119.6°C with 7 v% (~ 6.3 wt%) of SCA3 (Figure 5.30). 
This indicates immiscibility of PMMA with SCA3, though they have favorable 
interactions under the used conditions.  
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Figure 5.30 Thermal analysis of PMMA and PMMA/SCA3 blends. 
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Figure 5.31 Thermal analysis of PS/PMMA blends in the presence of SCA3. 
 
In the blends the Tgs of both polymers could be separated, a sign of strong phase 
separation. In the pure PS-COOH/H2N-PMMA2 (40/60 v%) blend, the Tg values of both 
components are increased slightly (Figure 5.31, 103.8°C and 124.8°C for PS and 
PMMA2, respectively). This indicates strong interactions between both components. At 
the same composition of the blend with 3 v% of SCA3 the Tgs of the components remain 
same. However, with SCA3 + Pt catalyst, the Tg of PS  is reduced to 96°C and the Tg of 
PMMA reduces to its original value of about 119.9°C, indicating the interactions of 
SCA3 towards PS and PMMA in the presence of catalyst.  
 
5.3.2.4 Processing stability of H2N-PMMA2 as well as H2N-PMMA22 and the proof 
of phase continuity by selective etching 
 
H2N-PMMA1 was stable at 180°C, the molecular weight remains same, and no structural 
differences were observed. Whereas, after treating at 190°C and 200°C GPC analysis 
shows increased molecular weights. Therefore, all PS-COOH/H2N-PMMA1 blends were 
mixed at 180°C. In contrast, when the molecular weight of PMMA was increased it was 
not possible to prepare the blends at this temperature due to high load. Therefore, it was 
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necessary to increase the temperature to 200°C and at high PMMA loadings even to 
reduce the screw speed for a successful mixing. When the pure H2N-PMMA2 was melt 
processed at 220°C no significant changes in the Mn value, but a large difference in Mw 
(62900 to 77700 g/mol, before and after processing, respectively) could be observed by 
GPC analysis. Mn as well as Mw both were increased (Mn = 15300 g/mol, Mw = 38900 
g/mol before processing; Mn = 22100 g/mol, Mw = 56900 g/mol, after processing at 
220°C) when H2N-PMMA22 was processed at 200°C with only 2 g loading to reduce the 
torque in the DACA Micro-Compounder. This side reaction may be facilitated by the 
presence of remaining copper complexes within the material. However, blending required 
the 200°C for viscosity reasons but higher temperatures are not recommended. Chemical 
changes during processing, which are connected to various molecular weights of H2N-
PMMA2 or H2N-PMMA22 were not detectable neither by FTIR or NMR spectroscopic 
methods nor by MALDI TOF MS.  
 
 
Figure 5.32 SEM of TFA etched surface of PS-COOH/H2N-PMMA22, 30/70 v%. 
 
TFA was chosen for selective etching of the PMMA phase of PS-COOH/H2N-PMMA 
blends. However, when the PMMA content was increased to near the phase inversion 
concentration the blend strand may cause decomposition of the sample during etching 
PMMA phase.  Figure 5.32 shows a peculiar shape of PS-COOH/H2N-PMMA22 blend 
with 30/70 v% composition after etching with TFA at room temperature for 4 h, which 
was often observed in strands with a composition near to the phase inversion. The type of 
morphology seems not homogeneous across the strand diameter causing by its irregular 
decomposition under etching conditions. With 20 v% of PS PMMA forms the matrix and 
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dissolving it with TFA causes the disintegration of the blend resulting in a dispersion of 
PS particles in TFA. 
This irregularity may also be one reason why we could not attain reliable data by 
performing dissolution experiments with TFA in order to estimate the percentage of co-
continuity of the extruded blends. For the extraction tests, about 2 cm of the extruded 
strands was put in TFA to dissolve the PMMA phase. The weight of the strand before and 
after extraction was measured to determine the weight of PMMA that could be dissolved. 
The percentage of co-continuity of the PMMA phase was then determined by the ratio of 
the weight of PMMA dissolved over the total PMMA content added to the blend. In the 
moment it was not possible to get any logical correlation between the morphology and 
the extractable amount of the dispersed or co-continuous phase. The reason for this is still 
unclear. 
 
5.4 Conclusions 
 
The use of crosslinkable hydrosiloxane containing coupling agents (SCA), which could 
be prepared by hydrosilylation of allyloxy containing functional precursors with 
polyhydrosiloxanes, represents an attractive way for the modification of the interface in 
heterogeneous polymer blends, e.g. by crosslinking. The influence of those coupling 
agents on the morphology of reactive PS-COOH/PA-NH2 and PS-COOH/H2N-PMMA 
blends was investigated. In PS-COOH/PA-NH2 blends, the processing conditions and the 
degree of hydrosiloxane crosslinking, which can be increased by the addition of Pt 
catalyst, strongly influenced the dispersed particle size of PA phase in the PS matrix 
phase. To achieve fine dispersions good adhesion between the phases is necessary. This 
can be reached by premixing the SCA with the complementary reactive polymers 
followed by blending the premixed components. Crosslinking of the SCA, which is in 
any cases at least partially located at the PS-COOH/PA-NH2 interface, supports the load 
transfer from the matrix to the particles in the shear field during melt mixing, thus 
causing fine dispersions of the PA phase in the PS matrix. The described mixing 
mechanism offers the opportunity to locate reactive sites at the interface of heterogeneous 
blends suitable for crosslinking and other chemical modification.  
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In case of PS-COOH/H2N-PMMA2 (40/60 v%) and PS-COOH/H2N-PMMA22 (30/70 
v%) blends the addition of SCA stabilized the interface so that pronounced co-continuous 
morphologies could be formed which were not accessible in the PS-COOH/H2N-PMMA2 
(40/60 v%) blend free of SCA. Studies on the influence of SCA on rheological and 
thermal properties of the blends were carried out. The proof of crosslinking of the 
interphases has clearly been shown by means of dissolution experiments of the extruded 
blends. A gel formation was observed in the solution of 40/60/10 v% of PS-COOH/H2N-
PMMA22/SCA3 blend in toluene and the gel content could be determined to be about 40 
%. Also the other blend solutions are not completely soluble but a quantification of the 
insoluble part was not possible. The insolubility of the blends is a clear evidence for the 
formation of crosslinked structures in the blends during mixing in the presence of SCA3. 
This proof was not possible in the case of PS-COOH/PA-NH2 blends since this blend 
system does not have a common solvent, but the crosslinking was proven in PS-
COOH/SCA3 (75/25 wt%) and PA-NH2/SCA3 (75/25 wt%) mixtures. The formation of 
crosslinked structures may be also the reason for the appearance of large domains which 
have been observed beside the finely distributed dispersed polymer phase especially in 
the PS-COOH/PA-NH2 blends.   
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6 Summary and Conclusions  
 
Properties of heterogeneous blends are determined to a large extent by the properties of 
their interphases. Therefore, the question arises if it is possible to modify the blend 
interfaces directly. The approach of this project was to use multifunctional coupling 
agents, which can react with both blend components and, therefore, should locate at the 
interphases between both polymers. The remaining functionality should be used for 
further modification, e.g. crosslinking. Such modification in immiscible polymer blends 
is very interesting to improve the interfacial adhesion properties and thereby stabilizing 
the morphology of the final product. 
For this, crosslinkable polysiloxane coupling agents (SCA) were prepared by the 
functionalization of poly(methylhydro)siloxane copolymers with allyloxy precursors of 
the coupling agents that contain 2-oxazoline as well as 2-oxazinone reactive groups 
(Scheme 6.1). The selective coupling reactions of the reactive sites could be proven under 
favorable conditions. Already during isolation of the product crosslinking of the Si-H 
units starts if its content is high (SCA4). However, crosslinking ability of the 
functionalized poly(methylhydro)siloxanes (SCA3) could be proven by means of model 
reactions with low molecular weight reagents and the crosslinked part was quantitatively 
proven by means of dissolution experiments. 
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Scheme 6.1 Structures of novel coupling agents 
 
Mono-amine functionalized polyamide 12 (PA-NH2) was commercially available and 
carboxylic acid terminated polystyrene (PS-COOH) could be prepared by a controlled 
radical polymerization method developed in a previous period of this project. For the 
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synthesis of amino-functionalized PMMA, ATRP of MMA (Scheme 6.2) was applied 
and adapted to produce material with sufficient processing stability. The used catalyst 
system, CuBr/PMDETA, and an initiator containing a protected amino- functionality 
resulted in mono-amino-functionalized PMMA. Most of the terminal bromine groups 
originating from the initiator were removed during the polymerization either by hydrogen 
transfer or by terminating irreversible side reactions such as bimolecular 
disproportionation, head-to-head coupling, and elimination. All termination reactions 
could be detected at early stages of the polymerization by MALDI TOF MS and 1H NMR 
techniques. Due to these side reactions, the ATRP of MMA proceeded in an uncontrolled 
fashion and the obtained polymers have higher molecular weights than expected and 
broad polydispersities. In kinetic studies of ATRP of MMA, in-line Raman and off-line 
1H NMR spectroscopic methods were successfully used to determine the monomer 
conversion as a function of time. The results of both methods agree well. The undesired 
side reactions may limit the applicability of the chosen method, but it may open the 
possibility to obtain polymers (devoid of terminal bromines) with better processing 
stability than the typical ATRP products.  
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Scheme 6.2 Synthetic route for amino-terminated PMMA by ATRP 
 
The investigation has been focused mainly on the evaluation of the influence of coupling 
agents (SCA) on the morphology of reactive PS-COOH/PA-NH2 as well as PS-
COOH/H2N-PMMA blend systems. In PS-COOH/PA-NH2 immiscible blends the 
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processing conditions and the degree of polyhydrosiloxanes crosslinking, which can be 
increased by the addition of Pt catalyst, has strongly influenced the dispersion of the 
minor PA phase in the PS matrix (Figure 6.1 d compared to c). One-step mixing results in 
an enrichment of the SCA (e.g. SCA3) in the PS phase due to the better compatibility of 
SCA to this polymer and the dispersion of PA phase is large (Figure 6.1 b) compared to 
pure PS-COOH/PA-NH2 blend where a fine dispersion of PA is detected (Figure 6.1 a). 
To achieve fine dispersions good adhesion between the phases is necessary. This can be 
reached by premixing the SCA (SCA3) with the complementary reactive polymers (PA-
NH2) followed by blending the premixed components (PS-COOH with coupled PA-
NH2/SCA3, two-step mixing). Crosslinking of the SCA, which is in any cases at least 
partially located at the PS-COOH/PA-NH2 interface, as detected by AFM analysis, 
supports the load transfer from the matrix to the particles in the shear field during melt 
mixing, thus causing fine dispersions of the PA phase in the PS matrix.  
 
a)       b)       
c)       d)      
 
Figure 6.1 SEM of PS-COOH/PA-NH2/SCA3 blends on TFA etched surfaces a) PS-
COOH/PA-NH2 = 84/16 wt%; b) PS-COOH/PA-NH2/SCA3, 80/15/5 wt%, one-step 
mixing; c) PS-COOH/PA-NH2/SCA3, 80/15/5 wt%,  two-step mixing; d) like c with Pt 
(frame size 13x10 µm).  
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 The described mixing mechanism for PS-COOH/PA-NH2 blends in the presence of SCA 
offers the opportunity to locate reactive sites at the interface of heterogeneous blends 
suitable for crosslinking and other chemical modification. The effects of such 
modifications on the rheological and thermal behavior of the blends were also studied. 
The results are well correlated with each other. Mechanical properties of the blends could 
not be measured since the materials are too brittle. 
 
a)  
b)      c)  
 
Figure 6.2 SEM on TFA etched surfaces of (a) PS-COOH/H2N-PMMA2, 40/60 v%; (b) 
like a with SCA3, 3 v%; (b) like b with platinum (frame size 10x7 µm). 
 
In case of PS-COOH/H2N-PMMA blends the effect of the composition on the blend 
morphology was surprisingly small. In contrast to the blend devoid of SCA3, the blend 
PS-COOH/H2N-PMMA2/SCA3 = 40/60/3 v% was shown a co-continuous morphology 
(Figure 6.2 b compared to Figure 6.2 a). The addition of SCA3 may have strengthened 
the interface resulting in a stabilization of the thermodynamically non-favorable co-
continuous structure. With platinum catalyst (Figure 6.2 c) the co-continuity is more 
pronounced and the SCA3 located inside the co-continuous PS and PMMA domains and 
also partially at the interface between both polymers (Figure 6.3, AFM studies). Such 
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morphologies combined with the crosslinkability of the interface may be interesting for 
controlling the blend properties like diffusion behavior.   
 
 
Figure 6.3 AFM image of PS-COOH/H2N-PMMA2/SCA3/Pt, 40/60/3 v%, 200°C (frame 
size 10x10 µm). 
 
The proof of crosslinking of the SCA was done by means of dissolution experiments of 
the extruded blends with high SCA content. In the solution of 40/60/10 v% of PS-
COOH/H2N-PMMA22/SCA3 blend in toluene a gel formation was observed and the gel 
content could be determined to be about 40 %. Also the other blend solutions appeared 
turbid. The insolubility of the blends is a clear evidence for the formation of crosslinked 
structures in the blends during mixing in the presence of SCA3. 
The progress made in the field of modification of the interphases in heterogeneous 
polymer blends by means of novel crosslinkable coupling agents can be extended to other 
useful immiscible blend systems to improve the interfacial adhesion and stabilizing the 
morphology. Within the DFG collaborative research center SFB 287 further research on 
the preparation of novel coupling agents and its use in blends and composites is planned. 
This work includes the reactive modification of polypyrrole-coated particles by 
multifunctional coupling agents so that they can react selectively with different polymeric 
blend components. This can contribute to a better distribution of the electrically 
conductive particles along the interfaces and stabilization of co-continuous morphologies, 
resulting in high conductivities at low polypyrrole contents.   
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7 Symbols and Abbreviations 
 
AFM Atomic force microscopy 
AIBN Azo-bis-isobutyronitrile 
ATRA   Atom transfer radical addition 
ATRP   Atom transfer radical polymerization 
 tBMA   tert-Butyl methacrylate 
CA Coupling agent 
CA1 Oxazinone coupling agent 
CA2 Oxazoline coupling agent 
CA3 Oxazoline and oxazinone containing coupling agent 
CuBr   Copper bromide  
DP   Degree of polymerization 
DSC Differential scanning calorimetry 
EDX Energy dispersive X-ray analysis 
EVA   Ethylene vinyl acetate 
FTIR   Fourier transform infrared spectroscopy 
GPC   Gel permeation chromatography 
HMDETA  1,1,4,7,10,10-hexamethyltriethylenetetramine 
∆Hm Melting enthalpy 
MALDI TOF MS Matrix assisted laser desorption ionization time of flight mass 
spectroscopy 
MCPA m-chloroperbenzoic acid 
Me6-TREN  tris-(2-dimethylaminoethyl)amine 
MMA Methyl methacrylate 
Mn Number average molecular weight 
Mw Weight average molecular weight 
Mt Transition metal 
Mw/Mn Polydispersity index 
NMR   Nuclear magnetic resonance spectroscopy 
PA 6   Polyamide 6 
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PA12   Polyamide12 
PA-NH2  Amino-terminated PA12 
PE   Polyethylene 
PMDETA  N,N,N,N,N-pentamethyldiethylenetriamine 
PMMA  Poly(methyl methacrylate)  
H2N-PMMA  Amino-terminated PMMA 
PP   Polypropylene 
PS   Polystyrene 
PS-COOH  Carboxylic acid terminated PS 
Pt   Platinum catalyst 
RT Room temperature 
SCA Poly(methylhydro)siloxane containing coupling agent 
SCA1 Poly(methylhydro)siloxane modified with CA1 
SCA2 Poly(methylhydro)siloxane modified with CA2 
SCA3 Poly(methylhydro)siloxane modified with CA3 
SCA4 Poly(methylhydro)siloxane modified with CA3 (high Si-H content) 
SEM Scanning electron microscopy 
SMA   Styrene-maleic anhydride 
Tg   Glass transition temperature 
TEMPO  2,2,6,6-tetramethylpiperidine-1-oxyl 
TFA Trifluoroacetic acid 
THF Tetrahydrofurane 
v % Volume per cent 
wt % Weight per cent 
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